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Travis John Omasta, Ph.D. 
University of Connecticut, 2018 
In this thesis, the balance and transport of water, hydroxide, and carbonates 
in Anion Exchange Membrane Fuel Cells (AEMFCs) are investigated.  First, 
macro-scale water is examined, and the need for high membrane conductivity, a 
predictor of water back diffusion, is demonstrated by operating at lower relative 
humidities to avoid catalyst layer flooding.  Additionally, the distribution of water 
in the membrane, electrodes, and gas diffusion layers was directly imaged with 
neutron radiography in an operando fuel cell.  The insight from the neutron images 
was combined with electrode diagnostics evaluating the kinetic, ohmic, and mass 
transport limitations of the cell, resulting in the ability to also control the micro-
scale water through precise engineering of the anode catalyst layer.  This 
understanding ultimately led to the ability reduce the Pt loading significantly, as 
well as use non-Pt catalysts, while still achieving > 1 W cm-2.  Finally, the effects 
of CO2 and carbonation on AEMFCs was investigated, and the mechanism for 
carbonate inclusion in the AEM and removal are discussed.  It was observed that 
the carbonation/decarbonation dynamics could allow for the purposeful use of 
carbonates in electrochemical devices, including current driven electrochemical 
CO2 separation, which were assembled and their performance characterized.
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CHAPTER 1:  
 
Introduction 
1.1.  Significance 
To say that anion exchange membrane fuel cells (AEMFCs) have 
experienced a surge of interest over the past decade would be a significant 
understatement.  Two quantitative ways to measure interest are in the number of 
publication in the field, which increased rapidly during the past ten years (24 papers 
in 2006 vs. 312 in 2016), and literature citations for “Anion Exchange Membrane 
Fuel Cells”, which grew by more than 6000 % in the same ten-year period [1], as 
shown in Figure 1.1. 
Additionally, AEMFCs have been the primary focus of several international 
workshops in recent years.  Though many of these have been excellent, two of them 
are specifically notable.  The first was hosted by Prof. John Varcoe at the University 
of Surrey in the UK in July 2013.  The most significant outcome of this workshop 
remains the definitive work on AEMFCs to date, an all-encompassing review and 
tutorial on AEMFCs [2] written in collaboration by a large group of the PIs 
attending the workshop.  The second workshop was hosted by Prof. Lin Zhuang at 
Wuhan University in December 2016.  The most significant outcome of this 
workshop is a special issue in Elsevier’s Journal of Power Sources on “Alkaline 
Membrane Fuel Cells” where many of the PI’s have contributed invited papers 
showcasing their most recent results [3].  A great deal of the interest in AEMFCs 
stems from the possibility for AEMFC cells, stacks, and systems to be lower in cost  
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Figure 1.1.  Report of the number of A) publications and B) citations for the “Anion 
Exchange Membrane Fuel Cell” from 2006-2016 showing the explosive growth in 
interest in AEMFCs since the turn of the century, and, more specifically, since 
2006. 
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than their Proton Exchange Membrane Fuel Cell (PEMFC) counterparts.  It is 
possible for AEMFCs to overcome some of the cost limitations of PEMFCs 
because: 1) AEMFCs only need noble metal catalysts at one electrode (the anode) 
instead of two, making it more likely that AEMFC fuel cells can reach the U.S.  
Department of Energy (DOE) and other targets for platinum-group metal (PGM) 
mass loading at the electrodes.  In fact, recent work has achieved completely non-
PGM cathode catalysts with sufficient activity [4].  2) The highest performing – 
considering both conductivity and alkaline stability – AEMFCs are currently using 
backbones that are widely available commercially at very low cost, unlike DuPont’s 
Nafion® in the PEMFC.  One example is radiation-grafted ETFE films that are 
derived from very low cost rolls, activated in a commercial electron beam facility, 
and functionalized in a single bath method that has a low and constantly reducing 
environmental footprint [5].  3) Anion exchange membrane fuel cells present an 
opportunity to lower balance-of-plant costs, reducing the cost of the air loop (the 
most expensive component of the current transportation market fuel cell [6]) since 
all of the highest performing AEMFCs in recent years have operated without 
applying backpressure. 4) Anion-based fuel cells can use much lower cost 
components for the cell support materials, such as the flow fields where stainless 
steel could be used instead of high purity graphite (which is mandatory in the 
extremely acidic environment of the PEMFCs). 
However, despite the possible economic advantages of AEMFCs, the 
concept of using anionic polymers has only recently been practically conceivable 
due to advances made in developing anion-exchange membranes with high 
4 
 
stability, and hence, AEMFCs are still in their infancy – but developing extremely 
quickly.  PEMFCs, on the other hand, have been under rigorous development since 
the 1960’s [7], and hence have had an approximately 60-year head start.  PEMFCs 
also retain a significant advantage in the number of researchers working in that area 
today.  Again, using citations as a measuring stick, in 2006, 95 % of polymer 
electrolyte fuel cell citations were proton exchange membrane (PEM), and even in 
2016, 5 out of every 6 citations were PEM [8].  As a result, there has been a 
significant performance gap between the two technologies, and more importantly, 
there is also a significant knowledge gap between the two technologies. 
The design space that can be considered when talking about AEMFCs is 
huge.  Researchers have focused on areas including catalyst development and 
electrolyte development.  Electrolyte development can be broken up into two areas: 
membranes to physically separate the anode and cathode [5,9–17], and ionomers 
for the catalyst layer [18].  Electrolyte materials have seen significant advances in 
recent years; however, since that is not the focus on this thesis these materials will 
not be covered in extensive detail. 
The purpose of this thesis is to begin to unravel the role of water and anion 
transport in the AEMFC on cell behavior – including both charge transfer and mass 
transfer processes.  More specifically, this thesis will discuss in detail, the transport 
of water in the catalyst layers and across the anion exchange membrane (AEM), as 
well as the transport of OH-, HCO3- and CO32- in the in the AEM.  Additionally, 
this chapter will provide historical context for the development of alkaline-media 
fuel cells from the alkaline fuel cell (AFC) (with its difficulties transitioning to 
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terrestrial applications due to carbonation), to the early AEMFC (with its initial 
difficulties in achieve high stability anion exchange polymer), to today’s constantly 
improving AEMFC with some cells being demonstrated with near-equivalent 
performance to the best PEMFCs [5,19–21]. 
1.2.  Background 
1.2.1.  Historical Context for Alkaline Fuel Cells 
Though the first documentation of an operating fuel cell is rightly credited 
to William Robert Grove for his sulfuric acid “Gas Voltaic Battery” [22], it can be 
argued that Francis Thomas Bacon had a much larger impact on the direction of 
practical fuel cells, most significantly in shaping the direction of alkaline fuel cells 
(AFCs), and some of those learnings still hold today.  The first significant 
difference between the Grove cell and Bacon cell was the electrochemistry.  
Though both cells feed hydrogen to the anode and oxygen to the cathode, as well 
as have the same total reaction (Equation 1.1), the movement of ions and water in 
the cells are completely different. 
2H2 + O2 → 2H2O           (1.1) 
  In acid-based fuel cells (Figure 1.2a), like Grove’s as well as today’s more 
common phosphoric acid fuel cell (PAFC) and PEMFC, the process can be 
described as starting with splitting hydrogen into protons and electrons (Equation 
1.2).  The protons travel through the electrolyte in a hydrated form, carrying water 
molecules by electro-osmotic drag while the electrons pass through an external  
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Figure 1.2.  Operating principles for (a) acidic and (b) alkaline fuel cells showing 
reactions, as well as ion and water movement. 
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circuit.  The protons and electrons meet at the cathode, where they re-combine upon 
reaction with oxygen to yield water (Equation 1.3). 
   2H2 → 4H+ + 4e-          (1.2) 
   O2 + 4H+ + 4e-→ 2H2O         (1.3) 
Bacon’s cell replaced the sulfuric acid electrolyte in Grove’s cell with 
highly concentrated aqueous potassium hydroxide.  In this alkaline system, Figure 
1.2b, hydrogen reacts with hydroxide anions in the electrolyte to create water and 
electrons (Equation 1.4).  The electrons move through the external circuit where 
they react with oxygen and water to create the OH- (Equation 1.5) that is supplied 
through the electrolyte to the anode by migration. 
   2H2 + 4OH- → 4H2O + 4e-        (1.4) 
   O2 + 2H2O + 4e-→ 4OH-         (1.5) 
This new operational paradigm for AFCs – where water is both created and 
consumed – sets up some interesting water balance and transport issues, especially 
at high currents, that carry over to the AEMFC as will be discussed later in sections 
1.3.2 – 1.3.3.  Whereas in acid fuel cells the main worry is cathode flooding, in 
alkaline systems you have to worry about anode flooding as well as cathode dryout. 
Another interesting discussion point here is regarding the difference in ion 
transport between protons and hydroxide anions.  At its essence, there really is no 
such thing as hydroxide mobility.  Both H+ and OH- movement occurs through 
proton hopping, more specifically called the Grotthuss mechanism [23], where the 
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ion transportation is improved by the concomitant breaking of covalent bonds 
between the hydrogen and oxygen in the water.  This allows for the net flux of H+ 
and OH- through the electrolyte to be improved at a rate faster than the 
electroosmotic water flux through the membrane. The main difference is that in 
acidic media, the environment is proton rich, and they interact readily with water, 
which is typically denoted as H3O+.  There is some debate as to how many water 
molecules will complex with the proton, though it is known to be a function of the 
type of electrolyte (i.e.  liquid or polymer) as well as the ion concentration.  In any 
case, the system is most stable as H2O, and the additional O-H “bond” is generally 
weak.  In alkaline media, to create a hydroxide, a proton must be taken from H2O, 
again the most stable form.  This breaking of the stronger O-H bond in H2O vs. 
H3O+ is why the OH- mobility will always be fundamentally lower than H+ mobility 
in aqueous media.  Despite the lower intrinsic mobility of OH-, it is possible to have 
a higher density of stationary charge carriers (hence higher ion-exchange capacity) 
in AEMs than PEMs because of lower intrinsic solubility. Hence, it is possible to 
achieve AEMs with similar ionic conductivities to PEMs (though PEMs are 
generally superior). 
In addition to the change in electrolyte, Bacon made several other very 
important advances [7].  First, he was able to realize high activity, nickel-based, 
completely PGM-free electrodes – something that is still an open area for AEMFC 
research today.  Bacon also developed porous electrodes and gas diffusion layers 
that served to both increase the electrochemically active surface area (ECSA) in the 
cell as well as aid in the mass transport of products and reactants in the cell.  
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Bacon’s AFC also was pressurized to avoid electrolyte boiling since the cell was 
operated between 200 °C – 240 °C in order to improve the ionic conductivity of the 
electrolyte as well as the electrode kinetics, though it is likely that water 
management in the cell was also improved because of the increased proportion of 
vaporous to liquid water in the electrodes. 
Bacon’s patents were licensed by CT-based Pratt & Whitney in the 1960’s 
and served as the baseline for Pratt & Whitney’s development of power plants for 
NASA’s Apollo space missions [24].  Using hydrogen and oxygen that were 
already on board for propulsion, the fuel cells not only supplied electricity, but also 
provided heat, drinking water and cabin humidity.  Speaking to their performance 
and reliability, in the most isolated and dangerous place known to man, fuel cells 
were trusted to keep the mission astronauts alive over all other options.  Arguably, 
the Pratt & Whitney Apollo fuel cell program is the most successful fuel cell 
program to date. 
In addition to Pratt & Whitney, other large manufacturing companies, such 
as Union Carbide, saw a significant opportunity in fuel cells and AFCs in particular 
[25].  Union Carbide developed fuel cell power plants for many demonstrations in 
the 1950’s and 1960’s including farm tractors, golf carts, military submersibles and 
forklifts.  Though initially well-performing, these AFC power plants inevitably 
succumbed to a single constraint that has limited the terrestrial application of AFCs 
to today: carbonation. 
1.2.2.  Carbonation Limitations for AFCs and AEMFCs 
For fuel cells to be practically and commercially viable, it is necessary to  
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Figure 1.3.  Effects of AFC and AEMFC exposure to CO2.  a) increase in carbonate 
anion concentration in an AFC exposed to CO2 [26];  b) accelerated long-term AFC 
degradation when exposed to CO2 [7]; c) response of an operating AEMFC when 
CO2-containing air is fed to the cathode [27]; d) rapid conversion of AEMs to the 
carbonate form after exposure to CO2 [28]. 
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use ambient air, just like internal combustion engines.  Ambient air contains carbon 
dioxide, which readily and rapidly reacts with the OH- in the AFC electrolyte to 
yield bicarbonate and carbonate anions (Figure 1.3a, and Equations 1.6-1.7). 
   CO2 + OH- ↔ HCO3-         (1.6) 
   HCO3- + OH- ↔  CO32- + H2O       (1.7) 
   CO32- + K+ → K2CO3(s)         (1.8) 
Carbonate then reacts with the mobile potassium cations (Equation 1.8), 
precipitating potassium carbonate solids on the cathode electrode, eventually 
leaving the cell inoperable, Figure 1.3b.  However, in truth, this often cited negative 
– sold as certain cell death – is probably grossly overstated.  Carbonating the 
concentrated KOH electrolyte on atmospheric air with ppm-level [29,30] takes a 
very long time, even 1000’s of hours, and carbonation is also stalled at elevated 
temperatures due to decreasing CO2 solubility [31].  There is plenty of evidence 
that electrode design plays the most important role in AFC life [26,30,32,33] and 
that the effects of electrolyte carbonation are mostly reversible with electrolyte 
management, such as pre-scrubbing the CO2 before feeding the air to the cell and/or 
periodically replacing the electrolyte, though this is complicated at the scales of 
interest.  For transportation applications, the electrolyte management system may 
consume significant precious space, add a considerable mass to the vehicle, and 
place a large quantity of hazardous material on board (which is unwanted in the 
case of a collision).  For stationary applications, companies such as AFC Energy 
PLC in the UK are working through engineering solutions to the carbonate problem 
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and other issues; however, a truly successful, long-term, large-scale demonstration 
with terrestrial AFCs by any company is still lacking. 
Because of its behavior in the AFC, CO2 has long been considered a poison 
for all alkaline systems.  However, it turns out that the interactions between CO2 
and the electrolyte in the AEMFC does not exactly mimic the AFC.  In AEMFCs, 
CO2 still reacts with the mobile hydroxide anions to form bicarbonate and carbonate 
anions.  However, AEMs have stationary, not mobile cations, meaning that these 
anions are able to freely be transported through the AEM, as shown in Figure 1.4 
[34], and there is no electrode salting or precipitation. 
Though carbonates are transported through the AEM, this does not mean 
that CO2 is not a concern in these systems.  It has been well established that the 
achievable current in AEMFCs is less in the presence of CO2 (Figure 1.3c).  To 
explain, there are at least a few things to consider.  First, is the anion transport 
mechanism as the cell fairly rapidly converts from the hydroxide form to the 
carbonate forms (Figure 1.3d) upon CO2 exposure.  Carbonate and bicarbonate 
anions do not have access to the same proton-hopping mechanism that OH- does, 
which was discussed in Section 1.2.1.  Therefore, carbonates have a much lower 
intrinsic mobility than OH-.  Bicarbonate in particular is of concern, because like 
hydroxide it is monovalent, but much larger, which leads to AEMs in the 
bicarbonate form exhibiting only ~ 20 %-25 % of the conductivity of identical 
membranes in the hydroxide form.  Carbonate benefits from being divalent, and 
smaller than bicarbonate, but its mobility is still lower than OH-. 
Another consideration for carbonates in AEMFCs is with respect to the AEM head  
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Figure 1.4.  Illustration of free anion transport, including carbonates, through 
AEMs [34]. 
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group specifically.  Though carbonates do not “salt” on the electrode, it may be 
possible to further decrease their mobility by introducing headgroups that are too 
electron withdrawing and have a charge density that is too high.  Finally, it should 
be noted that differentiating between carbonate and bicarbonate in AEMs may be a 
fool’s errand as they are both always present in equilibrium when CO2 is present, 
and even small amounts of bicarbonate can have significant deleterious effects on 
membrane conductivity and should be avoided.  There are conditions where 
carbonates can be electrochemically removed from AEMFCs during startup – or 
even during operation – and this will be discussed later in Section 1.4.2. 
Despite these carbonate limitations, they are not exclusively bad.  
Carbonates are weaker nucleophiles than hydroxide, meaning that membranes will 
be less prone to chemical attack (and hence a degradation in physical properties 
during operation) in carbonate media vs. hydroxide media [35,36].  This means that 
systems with liquid feeds, like AEM-based electrolyzers, may actually perform 
better with some solubilized carbonate than without it.  Also, carbonates do not 
appear to degrade the intrinsic activity at the anode or cathode catalyst surface [37–
39], though microelectrode studies have suggested that the presence of carbonates 
may lead to mass transport issues near the catalyst surface [39].  Some have even 
proposed using carbonate purposefully for other applications, including the 
electrochemical CO2 separation, which will be discussed briefly later in 
Section 1.4.3 and demonstrated in Chapter 6. 
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1.2.3.  Competition with Acidic Fuel Cells 
Because of the issues with poor AFC stability with air, there was an almost 
singular focus on the development of acidic fuel cells (at least at “low” temperature 
– notable high temperature options are molten carbonate and solid oxide fuel cells) 
from the end of the 1960s to the early 2000s.  During this time, there were several 
innovations.  First, was the transition away from sulfuric acid to phosphoric acid.  
Phosphoric acid offers higher ionic conductivity than sulfuric acid.  Phosphoric acid 
also has a lower vapor pressure, which helps with electrolyte stability and simplifies 
water removal and the supporting balance of plant.  From a kinetic perspective, at 
high concentrations, phosphoric acid complexes to become H3P2O7-, which does 
not specifically adsorb on the catalyst surface – unlike sulfuric acid where HSO4- 
binds very strongly to the catalyst, especially at high concentrations.  PAFC 
maturation also spearheaded the development of alloy electrocatalysts and the 
introduction of high surface area supports – all staples of modern fuel cells 
including AEMFCs.  PAFC engineers also developed standard corrosion-resistant 
materials and water management strategies that would be translated directly to 
PEMFCs a short time later.  Phosphoric acid fuel cells were the first to be 
commercialized – initially by the United Technologies Corporation (UTC), and 
today by Doosan (purchased UTC patent rights and facility) and Fuji Electric 
(based on Siemens technology). 
The fortuitous discovery of the highly stable, high conductivity, cation-
conducting membrane Nafion® and the desire to reduce the power plant size has 
fueled research into PEMFCs and their scale-up since the late 1960s, ramping up 
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in the 1970s.  PEMFC development borrowed significantly from the insights gained 
from PAFCs, but work since the 1990s until today has been targeted at significantly 
driving down the PEMFC cost by: reducing catalyst loading to only 100’s of µg of 
PGM per cm2, simplifying water management, creating new gas diffusion layers 
with controlled pore size and distribution and tailored wetting properties, and 
advanced manufacturing techniques. 
Despite all of these advances, PEMFCs have had a very difficult time in 
reducing costs in recent years to make them commercially cost competitive in many 
markets, including non-luxury passenger vehicle transportation where they are in 
direct competition with very inexpensive internal combustion engines [6].  This led 
some researchers in the early 2000s to consider creating an anion-exchange 
membrane analog of the PEMFC.  It was thought that this would be possible since 
membrane-electrolyte environments are more forgiving than their aqueous 
counterparts – this would be especially true for AEM systems where they would 
not need to survive > 200 °C in a pH 15-16 environment.  What that would mean 
is that the non-PGM catalyst materials promised by Bacon might be utilized, along 
with all of the advances in PEMFCs to reduce the loading.  It would also be possible 
in the more moderate alkaline membrane environment to move to much lower cost 
stack materials, such as stainless-steel flow fields (replacing high purity graphite).  
To date, AEMFCs still almost exclusively use PGM catalysts – Pt at the cathode 
and PtRu at the anode [20] – though as mentioned above, significant advances have 
been made in non-PGM cathodes [4]. 
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Initially, the most serious concern with the transition to AEMFCs was the 
AEM itself.  Many of the early membranes that were investigated were based on 
ion-exchange resin chemistries [40,41] from the chlor-alkali, electro-deionization, 
and dialysis industries.  None of these membranes were designed for elevated 
temperature (50-80oC) or elevated pH (~14) environments, and thus AEM stability 
was a significant problem – both with the backbone and the stationary cation 
headgroup.  Just to give a sense for the stability considerations, Figure 1.5 [2] 
presents the several generally accepted degradation pathways for the 
benzyltrimethylammonium (BTMA) headgroup. 
The AEM backbone and headgroup stability issues led to nearly a decade 
of high quality membrane science and engineering starting around 2005.  BTMA 
has become the benchmark headgroup, though there are literally dozens of others 
that have been proposed with countless backbones [9,10,14,16,19,20,42–44].  
Initially, improved membrane stability came at the cost of ionic conductivity; 
however, membranes are emerging that have both high stability and high ionic 
conductivity [5,9–17] – even rivaling Nafion® – and some of these appear to have 
the potential for commercial viability.  This is critical, because, to date, no 
standardized anion exchange membrane platform exists [2,3,45] – this is one area 
where PEMFC research has a significant advantage; Nafion® is the clear winner in 
that space and will be for the foreseeable future. 
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Figure 1.5.  Common reaction pathways for degradation of AEMs, with a specific 
focus on the benchmark benzyltrimethylammonium (BTMA) cation [2]. 
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1.3.  The Properties of AEMs and Their Influence on Water Transport in AEMFCs 
1.3.1.  Role of Physical Properties in Determining Membrane and Water Behavior 
The pathway to developing a standardized AEM has been made quite 
complex by the fact that there is a very large design space to explore, which has 
required researchers to build the field from the ground up over the past decade and 
a half.  Improvements have been made along several focus areas with regards to the 
AEM including: the backbone chemistry, stationary cation group chemistry, cation 
group location and orientation, and degree of backbone functionalization [9,10,52–
58,36,44,46–51].  In partnership, these dictate the behavior of the AEM in the 
reacting environment. 
Of course, the variables above have a direct correlation with some 
membrane properties such as the ion exchange capacity.  However, there are non-
linear interactions that occur in these complex polymeric systems that can influence 
many other properties including the polymer density and degree of phase separation 
between hydrophilic and hydrophobic domains – which then in turn influence the 
mechanical properties of the AEM (i.e. tensile strength), as well as water uptake 
and swelling.  Relevant to the discussion in this thesis, the membrane properties 
above define the amount of water in the membrane and its mobility, dictating the 
amount of free water that is available to aid in the transport of anions, the number 
of water molecules that move by electro-osmotic drag per anion, and water 
diffusivity.  Altogether, these yield what is perhaps the most important property of 
the AEM, the ionic conductivity. 
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Because of its direct link to other membrane properties, the conductivity is 
not only a measure of the response to ions moving through the electric field, but it 
is a true measure of the total membrane transport efficacy.  Therefore, increases in 
ionic conductivity can impact the performance of an AEMFC in more than one 
way.  Along with the membrane area and thickness, the ionic conductivity not only 
defines the Ohmic resistance to anion transport, but it also is a key factor in 
determining the water content and balance in the cell. 
1.3.2.  Understanding the Water Content and Balance in AEMFCs 
There are significant differences in the water balance in AEMFCs vs.  
PEMFCs.  In PEMFCs, water is generated at the cathode as a product of the oxygen 
reduction reaction (Equation 1.3).  Additionally, water moves from the anode to the 
cathode by electro-osmotic drag as the protons produced by the hydrogen oxidation 
reaction (Equation 1.2) are transported by migration through the Nafion® 
membrane.  Because of the concentration of water at the PEMFC cathode, 
removing cathode water to avoid electrode and gas diffusion layer (GDL) flooding 
is the most significant concern.  Some of the risks for flooding are mitigated by 
having a porous cathode electrode, sometimes with an inactive microporous layer 
(MPL) that acts as a water buffer for the electrode, as well as having a membrane 
with the capacity for very high-water transport rates.  The high water transport rate 
of Nafion® [59,60] allows for the membrane to absorb and redistribute water 
dynamically through back-diffusion from the water-rich cathode to the water-
deficient anode, maintaining membrane hydration and high ionic conductivity over 
a broad range of operating conditions. 
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In the AEMFC, the water balance is very different from the PEMFC, as shown in 
Figure 1.2b.  Water is both electrochemically generated and consumed during cell 
operation, which complicates the picture somewhat.  Different from the PEMFC, 
water is generated in the AEMFC not at the cathode, but at the anode through the 
hydrogen oxidation reaction, Equation 1.4.  Additionally, water is consumed at the 
cathode through the oxygen reduction reaction, Equation 1.5.  Since the overall 
reaction is the same, where overall two water molecules are produced per oxygen, 
this means that the AEMFC anode produces significantly more water than the 
PEMFC cathode, and the cell is actively drying out the cathode as the reaction 
proceeds.  Similar to PEMFCs, the water transport by electro-osmotic drag is in the 
direction of the water production.  In all, it can be expected that (at a similar current 
density) the natural water gradient in an AEMFC is far more severe than the 
PEMFC. 
Hydrogen has a higher Henry’s constant than oxygen, meaning that it has a 
lower solubility, making flooding at the AEMFC anode a serious concern.  At the 
AEMFC cathode, ionomer dryout is also a serious concern, because not only will 
losing water reduce the length of the triple-phase boundary, it is becoming generally 
accepted that AEM degradation from OH- attack is more serious at low hydration 
[12,61,62].  In the PEMFC, the water mobility in Nafion® plays a key role in 
limiting cathode flooding through back diffusion of water.  In the AEMFC, because 
of the much more severe water gradient that is a naturally-occurring manifestation 
of the cell reactions, the mobility of water through the membrane will be even more 
important than it is in PEMFCs. 
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In the discussion above, a case was made for the ionic conductivity as a 
representative physical property that was able to accurately describe the water 
transport through AEMs.  This assertion is supported by both theoretical and 
experimental data [63,64] in the literature, which has shown that the diffusivity of 
water through AEMs is a direct function of the ionic conductivity – even across 
membrane chemistries.  Therefore, the water back-diffusion rates through AEMs 
can be thought of as a direct function of their ionic conductivity and membranes 
with higher ionic conductivities will have higher rates for water back-diffusion and 
an enhanced ability to relax the severe water gradient that develops in the AEMFC 
during operation. 
Of course, back diffusion is not the only control variable that dictates the 
cell water content and balance.  Water can be either added or removed from the 
electrodes through control of the relative humidity (RH) of the fuel and oxidant 
feed gases.  The RH can be an imperfect way to control the amount of water in the 
system because it focuses on vapor phase water, where membrane water and the 
water produced at the triple-phase boundary through the electrochemical reactions 
are typically considered to be liquid.  Because of the limited information that is 
available in the literature regarding the interactions of liquid and vapor phase water 
in AEMFCs, it is difficult to know what to expect for the time constants of these 
interactions a priori.  But what can be said is that both membrane conductivity and 
the relative humidity of the feed gases play critical roles in the cell water content 
and balance, and hence performance.  Experimental evidence for this will be shown 
in the Chapter 2; however, an understanding of this balance between water mobility 
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(ionic conductivity) and the relative humidity of the feed gases is essential to the 
foundation of this thesis, and is illustrated in Figure 1.7 and discussed below. 
1.3.3.  AEMFC Performance with Conductivity, Back Diffusion, and Water Control 
As discussed previously, water back diffusion plays a significant role in 
relaxing the severe water gradient that arises naturally during AEMFC operation.  
At high current density, back diffusion will provide critical reactant water to the 
cathode electrode/electrolyte interface, maintaining the triple phase boundary.  
When the ionic conductivity is low, water mobility across the AEM follows suit 
and is also low.  This likely means that the water removal from the anode and 
delivery to the cathode will be insufficient, limiting the reaction rate.  This issue of 
water-limited performance in low ionic conductivity systems can also be 
exacerbated by the reactant gases.  A majority of the AEMFC investigations in the 
literature have relied on fully humidified gas streams where the relative humidity 
of the fuel and oxidant gases is the same as the cell operating temperature.  If the 
cathode is water-starved, the gas-phase water added to the cell may not be enough 
to sufficiently supply the cathode reaction.  Additionally, if the anode is already 
water-logged, operating at full humidity will not help.  Some recent work has 
reduced the anode humidity while maintaining the cathode at full humidity [65].  
Though the achievable current and power were increased, they were not able to 
reach acceptable AEMFC performance (at least 1 W cm-2). 
Increasing the conductivity of the AEM to “intermediate” levels can help 
redistribute water from the anode to the cathode, reducing the likelihood for 
flooding at the anode, even when operating under full humidification.  However,  
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Figure 1.6.  Qualitative illustrations showing the roles of the ionic conductivity, a 
key descriptor for water transport through AEMs, and the quantity of water fed to 
the cell on AEMFC performance (left) as well as the water content and balance 
(right). 
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the transport rate through these AEMs is not high enough to totally support the 
cathode water demand.  Under these intermediate-conductivity conditions, some 
researchers have even fed gasses to the cathode above the cell dew point (essentially 
feeding liquid water to the cathode), trying to supply the cathode with sufficient 
water, with some performance gains [66].  In general, operation at intermediate 
ionic conductivities (~100 mS/cm) have allowed researchers to approach and 
occasionally exceed the 1 W cm-2 threshold.  But there is one thing that is clear, the 
ionic conductivity is a descriptor for AEMFC performance, Table 1.1. 
Overall, further increasing the ionic conductivity is a very good approach 
to increasing AEMFC performance.  It should be noted; however, that it is possible 
to have AEMs with conductivity that is too high [19] to operate at full humidity.  
Having a complete redistribution of water between the anode and cathode under 
full humidification can lead to cathode flooding.  To overcome this flooding issue, 
it is imperative to optimize the anode and cathode relative humidities – essentially 
dynamically controlling the cell water content and balance.  The act of balancing 
the anode and cathode RH of an operating AEMFC with a very high conductivity 
AEM will be extensively discussed in Chapter 2, and from Table 1.1 it is clear that 
this strategy leads to the highest performing AEMFCs. 
It should also be said that there is a lot work needed with regards to 
optimizing the catalyst layer of AEMFC electrodes to manage water, including 
controlling the ionomer-carbon ratio, implementation of an optimized MPL, etc.  
The design space for AEMFC electrode optimization is very large, and as was 
mentioned above PEMFCs have a decades-long head start in this area.  Since the  
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Table 1.1.  Selected high peak power density and conductivity AEMs in the 
literature. 
AEM Chemistry 
Peak 
Power 
Density 
W cm-2 
Cell 
Temp 
°C 
A/C Dew 
Points 
°C 
Back  
Pressure  
kPag 
Conductivity 
(OH-), σ, 
mS cm-1 
Ex-situ σ 
Condition 
°C / RH 
ETFE-BTMA [21]  1.90 60 45/46 0 132 80 / 95 % 
ETFE-BTMA [19]  1.40 60 54/57 0 132 80 / 95 % 
ETFE-BTMA [5]  1.20 60 60/60 0 132 80 / 95 % 
aQAPS [9,20]  1.00 60 60/60 100 108 80 / 100 % 
LDPE-g-VBC [50]  0.82 60 70/- 0 100 60 / 100 % 
A901 [66]  0.74 80 85/85 250 38 20 / 90 % 
BPI (74.6% DOG) [11]  0.61 50 - 0 105 60 / 100 % 
PF AEM Gen 1 [42]  0.43 60 60/60 - 55 23 / 100 % 
MHT-PMBI [43]  0.37 60 60/60 0 23 30 / 95 % 
T25NC6NC5N [44]  0.36 60 60/60 100 99 23 / 100 % 
PVBTAC [65,67]  0.28 60 52/59 - 91 80 / 90 % 
C-HPPES-4/1 [55]  0.08 80 80/80 - 77 30 / 100 % 
- not reported 
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water behavior in AEMFCS is so much different than PEMFCs, it is not clear how 
applicable lessons learned in the PEMFC space can be applied to the AEMFC 
system.  However, it is becoming clear that engineering the water balance in 
AEMFCs is very important.  The water balance ensures that adequate water is 
provided to maintain AEM and electrode hydration, without flooding or drying out 
the catalyst or GDL [63] – and achieve the high performance needed to compete 
and eventually overcome PEMFCs.  From the discussion above, it is also possible 
that the cells that have been reported in the literature to date need to be revisited in 
the context of balancing water.  The operational space that achieves proper 
membrane hydration while avoiding GDL and catalyst layer flooding and dryout 
can be small, which may lead to cells that show artificially low performance.  In 
essence, some poor results reported in the literature may have been the result of 
undiagnosed water management issues, not the cell components used (i.e.  catalysts, 
membranes). 
The cell water can also influence AEMFC stability.  In the literature, it is 
nearly impossible to find true long-term durability tests over 100’s of hours of 
operation for AEMFCs.  The most likely reason for this is that many AEMFCs are 
not able to be run for more than several hours before performance degradation is 
too severe, and the true cause for the performance degradation is currently unclear 
– making it very difficult to know which components of the cell to improve.  At 
this point, AEMs are advanced enough and stable in very high KOH conditions, 
suggesting that membrane degradation is likely not a cause.  Also, it is well known 
the commercial noble metal catalysts supported on graphitized carbon blacks are 
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stable for tens of thousands of hours.  Therefore, it is possible that the cell operating 
conditions are performance-limiting in many cells – and water is a reasonable 
culprit to cause performance decline based on the operating principles of the cell. 
From the discussions above, it may be true that low conductivity 
membranes may never be able to supply the cathode with enough water through 
back diffusion to yield a stable, high performance AEMFC.  If AEMFCs with low 
conductivity AEMs were run at high current, the cathode would be systematically 
dried out until cell death, which would likely be rapid [62].  On the other end, if 
AEMFCs utilizing high or intermediate conductivity AEMs are used at high relative 
humidity, anode flooding is a serious concern because of the limited water back 
diffusion rates. 
1.4.  AEMFC Catalyst and Electrode Improvements and Limitations 
1.4.1.  The Impact of Electrode Design on AEMFC Water 
One area in AEMFC research where there exists a significant knowledge 
gap, due to a lack of fundamental investigation and modeling efforts, is the 
influence of electrode composition and structure on the transport properties of 
reactants, products, ions and water, which ultimately dictate performance. Among 
these, water is particularly important in AEMFCs because of its severe intrinsic 
imbalance, as discussed in section 1.3.  At the catalyst level, AEMFCs represent an 
entirely new learning curve with respect to the treatment of water that has not been 
adequately investigated. Properly addressing the water imbalance through new 
operational strategies and cell architectures is critical for AEMFCs to achieve 
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performances comparable to those of PEMFCs and enable them to compete in the 
marketplace. 
It was recently proposed [12,19] that the achievable current density in 
AEMFCs is limited in most published experimental studies by poorly balanced 
water during cell operation. Indirect evidence has been presented showing that 
simultaneously decreasing the anode and cathode gas dew points reduced flooding 
events and increased AEMFC current and power. In this thesis, operando 
electrochemical measurements and neutron imaging are coupled to directly show 
the behavior of water before, during and after AEMFC flooding events, which 
answers open questions about the hydration of the membrane, catalyst layers and 
gas diffusion layers, as well as the nature of the reacting water at the cathode – none 
of which have been reported previously. It was also clear from the neutron imaging, 
which will be discussed thoroughly in Chapter 3, that controlling the anode and 
cathode dew points are not sufficient to entirely weed out catastrophic flooding and 
optimize performance. To do this, the electrode composition must also be 
considered since the amounts and ratios of carbon, AEI and catalyst in the catalyst 
layer, and their distribution within the electrode structure, will play a significant 
role in determining cell power. 
To analyze the effects of catalyst layer composition on the performance of 
operating AEMFCs, it is important to not only look at performance, but also to 
deconvolute the AEMFC polarization curves, which is routinely done to diagnose 
PEMFC performance [68], in order to extract the fundamental kinetic, ohmic, and 
mass transport overpotentials.  Isolating these fundamental contributions to the 
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polarization of the cell can allow for an advanced understanding of the reaction 
limitations in the catalyst layer and give researchers the ability to tune the 
ionomer:carbon:catalyst ratio in the electrode to optimize the ECSA of the catalyst 
and generate record reaction rates and power densities. 
1.4.2.  Reducing PGM and Eliminating Pt in the AEMFC Electrode 
Despite the recent advances in AEMFC membranes, electrodes, and 
catalysts, there remain additional hurdles to overcome, specifically AEMFCs with 
low platinum group metal (PGM) loadings that are able to not only achieve high 
power densities, but sustain them over long term operation.  In order to reduce the 
PGM loading in operating AEMFCs, there will need to be at least some 
development of non-PGM catalysts.  Due to differences in the water dissociation 
behavior in alkaline media [69], most notably that water dissociation is facile at 
higher potentials, it is more likely that the AEMFC will see a high performance 
PGM-free cathode electrode.  Indeed, some very promising catalysts have already 
been identified [45,70–73]. 
However, at the AEMFC anode, it is very likely (akin to the PEMFC 
cathode) that it will be difficult to move completely away from PGM-based 
catalysts.  Therefore, it is important for researchers in the field to investigate 
electrode compositions that allow for reduced catalyst loading – the most active 
catalyst known today is PtRu [20] –while still allowing for the water produced 
during the hydrogen oxidation to be properly managed, which is crucial for 
successful operation of AEMFCs [19,21,45] as discussed in the sections above.  
Properties of the catalyst layer such as structure, thickness, porosity, component 
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chemistry, and ionomer:carbon:catalyst ratio all have a significant effect on the 
water content and balance of the overall cell.  In this thesis, the influence of anode 
catalyst layer thickness and catalyst distribution in lower loading electrodes will be 
investigated in Chapter 4. 
Another approach to reducing the platinum loading in AEMFCs is to 
develop Pt-free catalysts.  This is a daunting task as there currently do not exist any 
fuel cell catalysts whose activity can rival their platinum-containing counterparts.  
On the positive side, recent efforts have improved the activity of PGM [45,74–80] 
and PGM-free [45,70–73,81] catalyst, however, cells built without platinum have 
not been able to reach peak power densities of even 600 mW cm-2 [12].  In Chapter 
5, this thesis will investigate and optimize an AEMFC using pair of highly active 
palladium-based AEMFC catalysts, PdCu/C for ORR at the cathode [78] and Pd-
CeO2/C for HOR at the anode [74], illustrated in Figure 1.7.  Though these are not 
PGM-free, success in meeting, or at least approaching, performance and stability 
targets will show that Pt is not necessary in AEMFCs – which was one of the 
primary drivers to study AEMFCs. 
1.5.  Emergence and Impacts of Carbonate Anions in AEMFCs 
1.5.1.  Carbonate Influences on Cell Operation 
In laboratory experiments, AEMFCs are typically operated using ultra high 
purity H2 and O2 at the anode and cathode, respectively.  However, in the real world, 
fuel cells are rarely operated under such conditions due to high cost.  The anode gas 
in many systems is a reformate product that has been stripped of CO and some other  
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Figure 1.7.  Schematic of a Pt-free AEMFC, assembled with Pd-CeO2/C at the 
anode, and PdCu/C at the cathode, with a radiation grafted ionomer and membrane.  
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impurities, and the cathode gas is ambient air.  Both of these reactant gases contain 
ppm-level carbon dioxide.  Cell components can also be exposed to CO2 in other 
ways including during cell fabrication and stack assembly, and from CO2 diffusion 
from the stack edges throughout its life.  In acidic fuel cells this is not an issue, due 
to the extremely low solubility of CO2 at low pH.  However, in alkaline reactors, 
such as AEMFCs, as discussed in Section 1.2.2, CO2 can react with the OH- in the 
AEMFC to form carbonates. 
Carbonates can influence AEMFC operation in several ways.  The most 
obvious is an increase in the ohmic resistance of the cell as the ionic conductivity 
is reduced – particularly from the presence of bicarbonate anions [15,35,39,82–84].  
As discussed previously, carbonates have a much lower intrinsic mobility than 
hydroxide due to their differing transport mechanisms.  Additionally, the lower 
charge density for the carbonate anions mean that they will likely use fewer water 
molecules for anion transport. Hence, AEM water uptake and water mobility are 
reduced in their carbonate forms when compared to hydroxide.  As stated above, 
reduced water transport can be very detrimental to AEMFC operation. The lower 
charge density for carbonates also means that they may more strongly tether to the 
stationary cations in the AEM, particularly with highly basic functional groups like 
BTMA, which would further decrease ionic conductivity. 
It has also been widely discussed whether the presence of carbonates 
influence the anode and cathode reactions.  For the most part, it appears that the 
presence of carbonate does not influence the intrinsic electrokinetics [37,38].  
However, it has been proposed from microelectrode studies that the presence of 
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carbonates introduces a new interfacial mass transport resistance [39] as the 
carbonate anions are exchanged at the catalyst and ionomer interface.  It is also not 
presently known if carbonate anions are produced or consumed directly (Equations 
1.9-1.10) or if all reactions solely rely on OH- anions (Equations 1.4-1.5).  In the 
latter case, the carbonate dynamics that are observed are simply a result of the 
system trying to re-establish a thermodynamic equilibrium as OH- is locally 
consumed (reverse of Equations 1.6-1.7). 
   2H2 + 2CO32- → 2 CO2 + 2H2O + 4e-      (1.9) 
   O2 + 2CO2 + 4e-→ 2CO32-       (1.10) 
In any case, it is clear that carbonate anions have a negative impact on AEMFC 
operation [85]and there needs to be a concerted effort to minimize their presence. 
1.5.2.  Electrochemical Carbonate Removal 
Carbonates that are present in the cell or stack at the beginning of life are 
typically removed as part of a break-in procedure.  There have been two approaches 
to cell startup in the literature [5,19,86].  The first, and most common, protocol has 
been to hold a low cell voltage (either 0.1 V or 0.2 V) and allow the cell current to 
increase over time until a threshold value is reached.  Then cell testing begins.  The 
second approach involves holding the cell in a lower current, higher voltage state 
(i.e.  0.5 V) in order to leave the cell in a low-stress condition for as long as possible 
while the water transport channels in the AEMFC are established.  Then, carbonates 
are independently removed through a short-term treatment at lower voltage (i.e.  
0.2 V).  Either way, it has been clear in the literature that the removal of carbonates 
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present at the beginning of life requires the cell to be operated for some time at 
lower voltage; however, the optimal voltage and duration remain unknown. 
With regards to operating AEMFCS on air instead of high purity oxygen, 
feeding CO2-free air itself generally leads to a 1/3 reduction in the peak power 
[20,87].  Feeding real air to the cells is even more detrimental to the cell 
performance, because not only is the oxygen activity reduced, but the conversion 
of the membrane from the OH- form to the HCO3- and CO32- form (Equations 1.6-
1.7) upon exposure to the ~400ppm CO2 in the atmosphere, which reduces the AEM 
conductivity by at least 65 % [15,43].  This conversion occurs relatively quickly, 
perhaps within only 5 minutes [15], Figure 1.8a.  The impact of carbonation on 
AEMFC power output is equally severe, where the achievable power for an air-
carbonated AEMFC is only around 50 % of an AEMFC in the OH- form operating 
on O2 [87], Figure 1.8b.  These carbonates can mostly be purged during cell 
operation, and they behave identically to the beginning of life carbonates that were 
discussed previously. 
1.5.3.  Possible Purposeful Utilization of Carbonates in AEM-based Systems 
Though carbonates are deleterious to AEMFC performance, it does not 
suggest that carbonates are inherently bad in all AEM-based electrochemical 
systems.  In fact, researchers have been looking at the purposeful utilization of 
carbonate anions for more than 20 years – with most of the attention in this area 
being paid to electrochemical CO2 separation.  Early studies [88,89] in 
electrochemical CO2 separation in an AEM-based reactor, Figure 1.9, focused on 
removing CO2 from exhaled breath in underwater life support systems.  It was  
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Figure 1.8.  a) Change in the in-plane conductivity of a radiation grafted ETFE 
membrane when exposed from air – adapted from reference [16]; b) AEMFC 
performance with various operating cathode gases showing the strong influence of 
CO2 on performance – adapted from reference [87]. 
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Figure 1.9.  Simple schematic showing the overall concept for an electrochemical 
CO2 separations reactor.  It should be noted that both catalysts in this system are 
non-noble. 
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found that CO2 could be completely removed, though there were two primary 
drawbacks.  First, the cell voltage was very high, meaning that the energy 
requirement to remove CO2 was also very high.  Second, the faradaic efficiency 
was low. 
In the early 2010’s, Landon and Kitchin [90,91] built upon this concept to 
produce systems that required a much lower cell voltage to operate.  The overall 
concept proposed in this case was electrochemical CO2 capture from the flue gas 
of fossil fuel power plant.  Their studies showed clearly that CO2 could be 
transported from the cathode to the anode of an operating AEMFC-like cell.  They 
were also able to show that non-noble metal catalysts could be used to electrolyze 
carbonates to CO2.  A more complete description of the carbonate dynamics in these 
systems can be found in Chapter 6 along with an initial techno-economic analysis 
of the technology at the power plant scale – including the cost for some of the 
balance of plant components, though stopping short of a full integration of the CO2 
separator into a power plant.  It has also been proposed that carbonates might be 
able to act as an oxygen donor for electrochemical synthesis of organic molecules 
[92,93], though more evidence is needed to broadly support this assertion. 
1.6.  Successes with “Commercial” AEMFC Systems 
To date, the most successful deployment of H2/O2 AEMFCs in the world 
was accomplished by the late Israeli company CellEra.  Founded in 2007, CellEra 
developed low cost membranes, catalysts, bipolar plates, and systems – amounting 
in systems-level costs that were touted as 70 % lower than PEMFC systems.  
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CellEra fed ambient air with no active gas humidification or CO2 scrubbing.  Using 
this system, CellEra was able to demonstrate performance stability over several 
months.  One of the primary limitations of the CellEra stack was the low water 
content, which limited the membrane conductivity – meaning that the cell needed 
to be run at low current density in order to avoid drying out the cathode (as 
discussed in Section 1.3.2), limiting the stack power and marketability.  Though no 
longer in business, CellEra was the first to demonstrate the possibility for the 
scaleup and commercialization of AEMFC systems. 
Another notable story of progress in the field of AEMFCs is the fuel cell 
vehicle currently in the demonstration phase by Daihatsu Motor Company.  They 
have been developing an AEMFC since the mid-late 2000’s utilizing an aqueous 
hydrazine dehydrate + KOH solution as the anode fuel and ambient air as the 
oxidant at the cathode.  Though they use a liquid fuel, an AEM does separate the 
two electrodes, and it is the first example of an AEM-based fuel cell being 
integrated into an operating automotive platform.  With regards to liquid-feed 
systems that feed ambient air, AFC Energy in the UK is a publicly traded company 
that is making commercial-scale AFC systems that avoid carbonate buildup through 
electrolyte management. 
Recently, water electrolysis systems – including one from CT-based Proton 
OnSite [94] – utilizing an AEM separator have emerged.  Though they have shown 
some promise from a cost and performance perspective, the AEMs and catalysts 
being used are not currently available at scale.  Also, catalyst and membrane 
durability issues remain.  One of the creative methods that Proton OnSite has used 
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to overcome the AEM durability issue, as well as high kinetic losses due to possible 
mass transport issues at the catalyst/membrane interface (the same as discussed 
earlier in this chapter for the AEMFC) is to add carbonate salts to the liquid water 
feed, which has shown promise. 
  
41 
 
CHAPTER 2:  
 
Importance of Balancing Membrane and Electrode 
Water in Anion Exchange Membrane Fuel Cells 
The purpose of this work is to examine the influence of the electrode and 
gas diffusion layers as well as the flow rate and dew points of the anode and cathode 
gases on AEMFC performance.  This work demonstrates a new benchmark for a 
H2/O2 AEMFC with a peak power density of 1.4 W∙cm-2 at 60°C.  This was 
accomplished by taking a more precise look at balancing necessary membrane 
hydration while preventing electrode flooding, which somewhat surprisingly can 
occur both at the anode and the cathode.  Specifically, radiation-grafted ETFE-
based anion exchange membranes and anion exchange ionomer powder, 
functionalized with benchmark benzyltrimethylammonium groups, were utilized to 
examine the effects of the following parameters on AEMFC performance: feed gas 
flow rate, the use of hydrophobic vs. hydrophilic gas diffusion layers, and gas feed 
dew points.  This work was published as an invited contribution to a special issue 
of the Journal of Power Sources [19]on “Alkaline Membrane Fuel Cells.” 
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 2.1.  Experimental 
2.1.1.  AEM Synthesis and Characterization 
ETFE film (25 μm thickness) was supplied by Nowofol Kunststoffprodukte 
GmbH (Germany).  VBC monomer (mixture of 3- and 4-isomers; 500 – 100 ppm 
tert-4-butylcatechol and 700 – 1100 ppm nitromethane inhibitors) was supplied by 
Sigma-Aldrich and used without the removal of inhibitors.  1-Octyl-2-pyrrolidone 
and aqueous trimethylamine solution (TMA, 45 wt%) were also purchased from 
Sigma-Aldrich.  Toluene and 2-propanol were of reagent grade and supplied by 
Fisher Scientific.  All chemicals were used as received.  The ultra-pure deionized 
(DI) water used in this work had a resistivity of 18.2 MΩ cm. 
The AEM was prepared from pre-formed ETFE films using the 
peroxidation (pre-irradiation in air) method previously reported [5].  The ETFE 
films were subjected to electron-beam irradiation in air to 30 kGy total absorbed 
dose (using a 4.5 MeV Dynamatron Continuous Electron Beam Unit at Synergy 
Health, South Marston, UK).  As the irradiation step is performed in air, immediate 
reaction of the radicals that are formed with O2 molecules leads to the creation of 
peroxide and hydroperoxide groups on the polymers.  The peroxidated ETFE films 
then act as a solid-state free-radical initiator for the subsequent graft polymerization 
step.  After irradiation, the films were transported back to the laboratory in dry ice 
before they were stored in a freezer at −40 °C (the peroxide groups are stable for 
around 6 months at this temperature [95]). 
For the grafting step, the electron-beamed films (15 cm × 15 cm) were 
immersed in an aqueous dispersion of VBC (5 %vol.) in sealed vessels along with 
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addition of dispersant (1 %vol.  1-octyl-2-pyrrolidone).  The solutions were purged 
with N2 for 2 h before the vessel was sealed and heated at 70 °C.  After the reaction 
period, the films were removed from the grafting mixture and washed in toluene; 
this process is employed to remove excess unreacted VBC and any poly(VBC) 
homopolymer (not bound to the ETFE base material) that may be present.  The 
resulting intermediate ETFE-g-poly(VBC) films were subsequently dried at 70 °C 
for 5 h in a vacuum oven to remove all traces of solvent.  The gravimetric degree 
of grafting (DoG, %) of the intermediate membranes was calculated using 
Equation 2.1 
𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑚𝑚𝑔𝑔−𝑚𝑚𝑖𝑖
𝑚𝑚𝑖𝑖
× 100 %        (2.1) 
where mg is the mass of the grafted sample and mi is the initial mass of the pre-
grafted irradiated films. 
To quaternize, the intermediate films were then submerged in the aqueous 
TMA solution at ambient temperature for 24 h, then washed in DI water, and finally 
heated in fresh DI water; this procedure was adopted to remove any excess TMA 
from the resulting quaternized ETFE-g-poly(vinylbenzyl trimethylammonium) 
AEMs.  Final conversion to the chloride-anion-form ETFE-g-poly(VBTMA+Cl−) 
AEMs was conducted as follows: the as-synthesized AEMs were submerged in 
aqueous NaCl (1 M) for 15 h with one change of NaCl solution during this period 
to ensure complete ion-exchange.  The resulting AEMs were then soaked in water 
to remove any excess NaCl-derived co- and counter-ions.  The final desired 
radiation-grafted AEM(Cl-) films were stored in water until required and were not 
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allowed to dry out at any point before subsequent measurements/experiments were 
conducted. 
Table 2.1 summarizes the key properties of the AEM films used in this 
study.  Details on the standard methods to characterize the AEM, such as ion-
exchange capacity (IEC), water uptake (WU), through plane swelling (TPS), and 
conductivity determinations, can be found in the recent synthesis optimization 
study published by Wang et al, and Figure 2.1 presents an overview of the 
synthesis. 
2.1.2.  Anion-Exchange Ionomer (AEI) Powder Synthesis 
The synthesis of the AEI powder was reported previously [18] and is 
summarized here.  ETFE powder (Z8820X, AGC Chemicals Europe) with a particle 
size of 20 – 30 μm was peroxidated in air using an electron-beam with a total 
absorbed dose of 70 kGy.  The resulting “activated” powder was then submerged 
in a solution containing VBC, 2-propanol, and Surfadone LP-100 (ISPcorp) with a 
volume ratio of 1.00:3.95:0.05.  The mixture was purged with N2 for 2 h, and then 
sealed and heated for 72 h at 60 °C.  The powder was recovered by filtration, 
washed with toluene, and dried at 50 °C under vacuum, resulting in ETFE-g-
poly(VBC) grafted powders. 
The powder was quaternized by submersion in an aqueous TMA solution 
(TMA, 50 wt% in water, Acros Organics) for 5 h at ambient temperature.  The 
powder was washed 5 times with DI water, and then heated in DI water for 18 h at 
50 °C.  After a further water wash step (5 × DI water) the powder was dried for 5 
d at 40 °C under vacuum.  The final resulting ETFE-g-poly(VBTMA+Cl-) AEI 
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Table 2.1.  Summary of the key properties the AEM used in this study.  Errors are 
sample standard deviations (repeat measurements on n = 3 samples). 
AEM 
DoG 
(%) 
IEC 
mmol g-1 
WU 
(%) 
Tdry  
μm 
Thyd 
μm 
TPS 
(%) 
σ(Cl- 80 ⁰C)  
mS cm-1 
RG-ETFE(30 kGy)-AEM 79 2.05±0.05 67±7 45±2 60±1 33±4 63±2 
 
  
46 
 
 
Figure 2.1.  Schematic of radiation grafting and functionalization of ETFE-BTMA 
membranes (and ionomers). 
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powder (in the most chemically stable Cl- form), that was used in all of the 
electrodes in this manuscript, possessed an IEC of 1.24 ± 0.06 mmol g-1 (n = 3). 
2.1.3.  Materials and Gas Diffusion Electrode (GDE) Preparation 
First, the AEI powder was ground with a mortar and pestle for 10 min to 
reduce the number of aggregated particles.  Next, 100 – 150 mg of one of three 
carbon supported catalysts was added to the AEI in a 20:80 (AEI:catalyst) mass 
ratio along with 1 mL DI water: BASF C1-50 (50 wt% high purity Pt supported on 
Vulcan XC-72R carbon), Alfa Aesar HiSPEC 4000 (Pt, nominally 40 wt%, 
supported on Vulcan XC-72R carbon), or Alfa Aesar HiSPEC 10000 (Pt, nominally 
40 wt%, and Ru, nominally 20 wt%, supported on Vulcan XC-72R carbon).  Each 
catalyst-AEI mixture was ground with a mortar and pestle for 10 min, a length of 
time that was selected because it invariably produced a visually and texturally 
homogenous slurry, suggesting that no AEI agglomerates remained.  Then, 2 mL 
of 2-propanol (Fisher Chemical Optima) was added to the mortar and ground for a 
further 5 min, after which the catalyst slurry was completely transferred to a LDPE 
vial, and combined with an additional 7 mL of 2-propanol to produce a low 
viscosity ink.  Each ink was homogenized in an ambient temperature ultrasonic bath 
(Fisher Scientific FS30H) for 60 min, during which time the water in the ultrasonic 
bath was replaced three times to avoid solution heating. 
The resulting catalyst inks were used to fabricate gas diffusion electrodes 
(GDEs) by hand spraying onto a larger area gas diffusion layer (GDL) with an Iwata 
Eclipse HP-CS using 15 psig N2 (Airgas Ultra High Purity).  The GDLs used were 
Toray TGP-H-060 with either 5 wt% PTFE wetproofing or 0 wt% PTFE 
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wetproofing by weight.  5 cm2 GDEs were then cut from the larger sprayed 
electrode for use in the cell hardware.  Generally, the target total platinum group 
metal loading of the resulting GDEs was 0.6 ± 0.1 mg cm-2, and the actual catalyst 
loading for each data set will be given in the text and/or figure captions. 
2.1.4.  MEA Assembly and Single-Cell AEMFC Testing 
Prior to MEA and fuel cell assembly, the GDEs and AEMs were separately 
immersed in aqueous KOH (1 M, Fisher Chemical, pellets/certified ACS) for 60 
min, replacing the solution every 20 min to ensure complete ion-exchange.  During 
this hydration and ion-exchange process, no substantial electrocatalyst or AEI 
particles were observed to wash off the GDE surface, showing adequate adhesion 
of the catalyst layers onto the GDLs.  Excess aqueous KOH and water were 
removed from the electrodes and membrane with a laboratory cloth prior to 
assembly.  Each set of GDEs and AEM were pressed together in-cell to form the 
membrane electrode assembly (MEA) with no prior hot pressing.  The MEAs were 
secured in 5 cm2 Fuel Cell Technologies hardware between two single pass 
serpentine flow graphite plates using 6 mil (150 µm) PTFE gaskets with 20 % pinch 
(5.1 N m torque).  A Scribner 850e Fuel Cell Test Station was used for all testing.  
H2 and O2 gas feeds were supplied to the anode and cathode, respectively, at various 
flow rates and dew points without back–pressurization (ca.  1 atm absolute).  
Throughout this manuscript, the dew points of the supplied gases will be identified 
in an Anode/Cathode format with the dew points reported in °C, e.g.  57/55 would 
correspond to an anode dew point of 57 °C and a cathode dew point of 55 °C.  The 
cell temperature was held constant at 60 °C ± 0.5 °C for a majority of the 
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experiments.  In the cases where cell temperatures other than 60 °C were used, the 
reported format will be Anode/Cathode/Cell in °C, i.e.  69.5/69.5/70 for a cell 
operating at 70 °C with symmetric feed gas dew points slightly below saturation.  
The temperature of the heated gas follow lines between the fuel cell test stand and 
the cell were maintained at 5 °C above the respective gas dew points.   
All of the polarization curves shown were collected under potentiometric 
control at a scan rate of 10 mV s-1, in order to better tease out flooding issues under 
water starved and flooded conditions.  When the water management issues were 
well controlled, there was not a significant difference between point by point and 
linear sweep polarization curves, which is shown in Figure 2.2 for the highest 
performing cells.  Additionally, tests were repeated after multiple hours and varying 
the testing conditions to ensure stability, recoverability, and repeatability. 
The point by point scan in Figure 2.2A was taken with 50 mA cm-2 steps, each held 
for 20 seconds, for a total scan time of 24 minutes, compared to 1 minute for the 
equivalent linear scan performed on the same cell.  In Figure 2.2B the point by point 
data was collected with 50 mV cm-2 steps, held for at least a minute at each point 
to ensure stability (longer for the higher current density points).  Both of these tests 
show minimal performance loss in peak power, but the high current flooding 
becomes more apparent.  Not surprisingly, the fully humidified cell tested with the 
longer dwell time experienced some flooding limitations at high current densities, 
but these effects were essentially remedied in the cell with the reduced anode dew 
point, as observed in Figure 2.2A. 
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Figure 2.2.  A comparison of point by point and 10 mV∙cm-2 linear sweep 
polarization curves for the data presented in Figure 2.6A. 
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2.2.  Results and Discussion 
2.2.1.  Cell Operation and Response During Start-Up/Break-In 
The typical startup procedure for AEMFCs is simple and comparable to 
PEMFCs [96–98], where a constant cell discharge voltage is controlled for a set 
time [5,86].  In AEMFCs, the startup procedure does two things: (1) similar to 
PEMs, hydration and formation of ion transport domains throughout the membrane; 
and (2) allows for the purging of (bi)carbonate (CO32- and HCO3-) ions from the 
MEA (formed on exposure of the OH--exchanged MEA components to CO2 in the 
air on transfer to the fuel cell test fixture).  The latter activation process lowers the 
ohmic resistance of the cell by ensuring the anion transport is predominantly OH- 
[48].  To control the charge mobility and (bi)carbonate removal (independently to 
some extent), this work employs a two-stage break-in procedure, starting at a “low 
strain” with a voltage hold at 0.5 V, followed by a more aggressive, brief voltage 
hold at 0.2 V.  The separation of these two steps is intended to maximize membrane 
performance by avoiding the use of a long duration, high current stress that could 
accelerate membrane degradation via cathode catalyst layer dehydration 
[12,35,61,62,99]. 
During the first break-in stage at 0.5 V, a cell will typically show a steady 
current increase over time until a preliminary plateau is reached (typically after 40 
– 60 min).  At this point, the cell is moved to the second break-in stage at 0.2 V.  
Under control at 0.2 V, the cell will undergo a further increase in current as 
(bi)carbonate anions are removed, along with additional water being driven through 
the AEM by electroosmotic drag.  As the (bi)carbonate anions are purged from the 
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AEM, they are expelled as CO2 in the anode exhaust as (bi)carbonate participates 
in the HOR [38]. 
At full gas humidity, i.e.  60/60, the transition from 0.5 V to 0.2 V can be 
problematic as the increase in current disrupts the water balance, resulting in an 
instability in the voltage and current outputs of the cell.  A more subtle example of 
this issue can be observed in Figure 2.3A where the voltage and current are unstable 
for the first 2.5 min of the second (0.2 V) break-in stage.  The current increases 
significantly during this voltage instability, from 1.3 to 1.8 A cm-2.  After the 
voltage stabilizes, the current further increases and peaks at 2.1 A cm-2 before 
starting to decline.  The increase in cell current to 2.1 A cm-2 coupled with the 
change in cell potential facilitates the “self-purging” phenomena that is known to 
occur through an increased generation of OH- at the cathode and flux of OH- ions 
to the anode [2,48,100].  The (bi)carbonate self-purging during startup was 
observed by passing the anode effluent through a non-dispersive infrared CO2 
detector (PP Systems SBA-5).  While some CO2 is detected when the cell is held at 
0.5 V, a significant amount of CO2 elutes when the cell is polarized to 0.2 V, as 
expected.  These spikes in the effluent CO2 correspond to the self-purging of 
(bi)carbonates associated with the covalently-bound cations on the AEM and AEI 
polymeric chains and in the accompanying water phase (ion displacement and a 
shift in OH-/(bi)carbonate equilibrium).  
Figure 2.3B depicts a startup with more significant water management 
challenges: the current increase is low during the initial 0.5 V hold, and the cell is 
extremely unstable when the polarization is increased to 0.2 V, which results in a  
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Figure 2.3.  Performance data for cell startup.  Cell Temperature was 60 °C with a 
1.0 L min-1 flow rate of H2 and O2 at the anode and cathode, respectively.  (A) Cell 
startup with minor problems (Anode PtRu: 0.69 mg cm-2 on 5 wt% PTFE, Cathode 
Pt: 0.35 mg cm-2 (Alfa Pt/C 40 wt%) on 0 wt% PTFE GDL, dew points 60/60); (B) 
Startup with major flooding (Anode PtRu: 0.35 mg cm-2 on 5 wt% PTFE, Cathode 
Pt: 0.25 mg cm-2 (Alfa Pt/C 40 wt%) on 5 wt% PTFE GDL, dew points 60/60). 
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complete cell “crash”.  This erratic behavior is a well-known characteristic of 
electrode flooding [101–103], and typically occurs when the cell, more specifically 
the catalyst layers, have difficulty managing water.  The instability can often be 
relieved by lowering the dew points of the feed gases, and cells that may be thought 
to be low performing can have surprisingly recoverable performances.  This is 
discussed in finer detail below. 
Due to the potential for catalyst layer flooding, when the anode and cathode 
gasses are fed to the cell at full humidification, the amount of water present 
significantly hinders performance.  This flooding limitation at 60/60 is observed in 
Figures 2.4A and 2.4B, with polarization data taken for a cell assembled with 
symmetric Pt/C (50 wt% BASF) electrodes using a 0 wt% PTFE GDL at the anode 
and cathode.  Despite the expected better OH- transport as a result of high AEM 
hydration, the mass transfer polarization losses impact the cell significantly, 
preventing the power density of the cell from reaching 200 mW cm-2.  The first 
approach to reducing excess cell water is to decrease the quantities of water in 
contact with the MEA through the lowering of the dew point of the incoming gases.  
As the cathode and anode dew points are gradually lowered, Figure 2.4A, flooding 
is relieved at the electrodes and the power outputs obtainable are increased.  A 
minor reduction to humidifier dew point temperatures of 59/59 is not sufficient to 
eliminate flooding, and only delays the impact of flooding until the current density 
reaches approximately 400mA cm-2 with observable transport limitations still 
significantly hindering higher currents and power densities.  Further lowering of 
the gas dew points continued to relieve water issues in the electrodes until an  
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Figure 2.4.  Performance data for the effects of humidity.  Cell Temperature was 
60 °C with a 1.0 L min-1 flow rate of H2 and O2 at the anode and cathode, 
respectively.  (A) Polarization curves (scan rate 10 mV s-1); (D) The effects of 
lowered humidity on startup for cells with lowered humidities and (Anode and 
Cathode Pt: 1.25 mg cm-2 (BASF Pt/C 50 wt%) on 0 wt% PTFE, anode/cathode 
dew points indicated in the figure legend). 
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optimum was achieved at 57/55 (calculated relative humidities RH = 87 % / 79 %), 
where the current density at 0.1 V achieved 2.1 A cm-2 and the peak power density 
of the cell was 675 mW cm-2.  However, it is possible to remove too much water 
and start to dry out the AEM and AEI components, which was the case at 56/56 
where a lowering of cell performance was observed. 
 Additionally, the influence of lowering the cell water on start-up 
performance is shown dynamically in Figure 2.4B where the cell was initially held 
at 0.5 V with 100 % RH gas supplies.  At this condition, the cell starts with a current 
density of 125 mA cm-2, which slowly increase to 250 mA cm-2 within 35 min.  Due 
to characteristic flooding behavior, the dew point temperatures were decreased over 
time, resulting in the steady state current increasing from 250 mA cm-2 to 1400 mA 
cm-2 over a 2 h period.  This experiment tested conditions below full humidification 
and demonstrated an increase in performance at lower RHs.  As is observed at 
several points, when the dew points of the test stand humidifiers are lowered, the 
cell performance increases and the water instability is relieved.  The decrease in 
water not only helped in the polarization results as can be observed for several 
conditions in Figure 2.4A, but it is highlighted in the dynamic experiment results 
2.2.2.  Adjusting the Gas Diffusion Electrodes to Improve Performance 
The consumption, generation, and transport of water, along with 
observation of the mass transfer effects (Figures 2.4A and 2.4B), initially suggests 
that the root cause of performance retardation is anode flooding.  Therefore, to 
improve the water tolerance at the anode, 5 % PTFE was incorporated in the GDL, 
increasing the ability to reject water, which is especially important at higher current 
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densities when water generation and electroosmotic drag are increased.  To support 
the desire of higher cell performance, the anode catalyst was changed from Pt/C to 
a more “oxophilic” Pt:Ru/C (2:1) [5,20] with the total amount of Pt loading in the 
electrode kept constant. 
The new anode electrode (0.69 mg cm-2 PtRu loading, 5 wt% PTFE GDL) 
was coupled with a Pt/C cathode (Alfa Pt/C 40 wt%, 0.35 mg cm-2 Pt loading, 
0 wt% PTFE GDL).  As seen in Figure 2.5, the anode water removal was improved 
even with gas feed dew points of 60/60, leading to double the maximum power 
density that was achieved using symmetrical Pt/Pt electrodes (Figure 2.4A); 
however, significant water limitations still exist.  To ensure that the cathode was 
supplied with enough water for the ORR, the dew point was maintained at 60 °C 
while the anode dew point was systematically decreased.  With an anode dew point 
of 59 °C, the mass transport limiting current nearly doubles, which results in a 
significant power density increase.  Decreasing the anode water further to a dew 
point of 58 °C increases the maximum current and power, both to values more than 
2.5 times the fully humidified (60/60) condition.  Further reducing the anode dew 
point to 57 °C causes the performance to decrease, suggesting that too much water 
has been removed. 
The highest performance in this system occurred at an anode dew point of 
58 °C (calculated RH = 91 %) and a cathode dew point of 60 °C (100 % RH), with 
a peak power of 1.05 W cm-2 at 0.61 V (1.72 A cm-2).  The high frequency resistance 
(HFR) at max power was 56 mΩ cm2, which is among the best reported in the 
literature and approaching the order of magnitude for PEMFCs [96,104].  From  
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Figure 2.5.  Performance data AEMFCs during anode electrode optimization.  
Incorporation of Pt/Ru catalyst and 5 wt% PTFE GDL in anode (anode PtRu: 0.69 
mg cm-2 on 5 wt% PTFE, cathode Pt: 0.35 mg cm-2 (Alfa Pt/C 40 wt%) on 0 wt% 
PTFE GDL, Cell Temperature was 60 °C with a 1.0 L min-1 flow rates of H2 and 
O2 at the anode and cathode, respectively, anode/cathode dewpoints indicated in 
the legend. 
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Figure 2.5, even though reducing the anode RH does alleviate some issues from 
excess cell water, it is clearly not sufficient to remove all of the mass transport 
limitations in the cell.  Regardless of the anode relative humidity, the cell still 
demonstrated severe flooding behavior at higher current densities, evident by the 
immediate decrease in cell voltage in the polarization curves at higher current 
densities.  With 100 % RH O2 fed to the cathode and a GDL containing 0 wt% 
PTFE, liquid water is likely present in the cathode, where the O2 may have a harder 
time diffusing to the triple phase boundary, or need to dissolve in liquid water to 
react.  It follows that water rejection at the cathode (surprisingly) is also important 
in this system, and the mass transport limiting current and voltage fall off may be 
relieved with improved water management at the cathode. 
Therefore, the water rejection properties of the cathode were improved by 
adding 5 wt% PTFE wetproofing to the cathode GDL.  The results of this approach, 
initially performed exclusively at 100 % RH, are shown in Figure 2.6A.  The 
presence of PTFE in both gas diffusion layers, combined with the high gas flow 
rate, resulted in the cell achieving 1.20 W cm-2 at 0.51 V and 2.28 A cm-2 with a 
HFR = 66 mΩ cm2, despite full humidity at the anode and cathode; the cell also 
achieved a maximum current of 3.43 A cm-2 at 0.15 V.  However, even though 
improved water rejection eliminated the catastrophic water limitations, it can be 
observed in the forward and backward scan of the 60/60 experiment (from Figure 
2.6A shown in Figure 2.6B) that the water problem is not completely solved, and 
more changes are needed to optimize performance.  The return scan achieves a 
20 % higher maximum power density, expected to be caused by further relief of  
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Figure 2.6.  Performance data AEMFCs during cathode electrode optimization.  
(A) Addition of 5 wt% PTFE to cathode GDL: 60/60 anode/cathode dew points 
(anode PtRu: 0.6 mg cm-2 on 5 wt% PTFE, cathode Pt: 0.4 mg cm-2 (Alfa Pt/C 40 
wt%) on 5 wt% PTFE GDL), and 54/57 anode cathode dew points (anode PtRu: 
0.67 mg cm-2 on 5 wt% PTFE, cathode Pt: 0.53 mg cm-2 (Alfa Pt/C 40 wt%) on 5 
wt% PTFE GDL); cell temperature was 60 °C with a 1.0 L min-1 flow rates of H2 
and O2 at the anode and cathode, respectively; (B) Full forward and backwards scan 
of the 60/60 anode/cathode dew points condition shown in Figure 2.6A. 
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catalyst layer water when H2O consumption and transport is increased at higher 
currents. 
Therefore, the dew points for the electrode configuration in Figure 2.6A are 
then optimized to 54 °C / 57 °C (calculated RHs = 75 % / 85 %), leading to a power 
density of 1.4 W cm-2 at 0.55 V and 2.57 A cm-2 (HFR = 50 mΩ cm2).  This AEMFC 
is the highest performing reported in the literature to date.  The lower anode dew 
point clearly avoided flooding even at current densities nearing 4.0 A cm-2.  
Additionally, the lower cathode dew point provided flooding relief without dry-out, 
supporting the back-diffusion hydration mechanism proposed in this study.  IR-
correction of the optimized condition results in an IR-free peak power of 
1.8 W cm-2, which shows the potential for peak power gains with tuned 
ionomer:carbon ratios, catalyst loadings, catalyst layer fabrication and porosity 
through optimized ink preparation methods, carefully controlled RHs, and the use 
of thinner AEMs.  The concept of increased water mass transport away from the 
anode with thinner AEMs was recently explored using a pore-filled AEMs and a 
poly(vinylbenzyl trimethylammonium) ionomer, with some success [65], though 
the electrodes reported in this prior work flooded significantly even at low current 
densities (ca.  800 mA cm-2).  This again highlights the need for considerable 
additional experimental and theoretical work in AEMFC electrode engineering.   
Overall, the cells that are reported in this work highlight the performances 
that can be achieved in water balanced AEMFCs, with catalyst layers capable of 
appropriate water rejection resulting in desirable AEM hydration, strong OH- anion 
transport, and mitigation of catalyst layer flooding and dryout.  This performance 
62 
 
characteristic, avoiding cathode dry out, may be different than observed with 
AEMFCs containing other materials because of the novelty of the electrode 
fabrication method used in this work as well as the use of the powder AEI and high 
ionic conductivity of the ETFE-based AEM used in this study; in combination, the 
solid ionomer structure and higher the water mobility through the ETFE AEMs 
allow the rates of water back diffusion from the anode to the cathode to be 
significantly enhanced compared to many other AEMs that have been proposed in 
the literature[63,64].  Figure 2.7 shows a qualitative comparison of the 
electrode/membrane water content when back diffusion is able to play a significant 
role in the movement and balancing of water (illustrating the key ideas of this 
work).  There is an ideal gas feed humidity where the water at the cathode is 
maintained and the AEM is properly humidified, despite potentially running the 
AEMs with gas feeds below 100 % RH.  Additionally, the need to balance the water 
sinks and sources in operating AEMFCs means that it is likely that the ideal gas 
feed dew points may drastically change with current density, which is studied in 
the following section. 
2.2.3.  Dynamic Water Control in AEMFCs – Current Density Dependence 
The first evidence for the current density dependence of the optimal gas 
feed dew points is shown in Figure 2.8.  In this plot, it appears that differing dew 
points have positive effects on the high and low current regions of the polarization 
curves.  With an anode reacting gas dew point of 54 °C (identified as 54/54 in the 
plot), there was a significant mass transport/flooding current at 3.0 A cm-2, the 
lowest of any polarization curve in Figure 2.8A.  In fact, as the anode dew point 
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Figure 2.7.  Schematic showing the hypothesized distribution of water across the 
AEM and electrodes in an AEMFC, containing a high conductivity AEM with high 
water back diffusion, with increasing gas stream relative humidity. 
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Figure 2.8.  A) i-V curves (10 mV s-1 forward scans) showing the increase in the 
mass transfer limiting current with decreased anode gas feed dew point.  The cell 
is an AEMFC assembled with radiation grafted ETFE-BTMA membrane and 
ionomer, a PtRu/C anode (0.67 mgPtRu cm-2), and a Pt/C cathode (0.53 mgPt cm-2). 
H2 and O2 were fed to the anode and cathode respectively at 1.0 L min-1 without 
back pressure and the cell was held at 60 °C with anode/cathode dewpoints given 
in the chart legend; B) a close up of the kinetic and ohmic region of the i-V curves 
shown in A highlighting the performance loss for the lower humidities. 
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was decreased to 52 °C and then 50 °C (52/54 and 50/54 in Figure 2.8), with the 
limiting current increased to 3.75 A cm-2 and 4.25 A cm-2, respectively.  On the 
other hand, despite having the poorest mass transport response, having an anode 
dew point of 54 °C resulted in the best cell response in the kinetic and ohmic regions 
of the curve.  In fact, from a kinetic perspective, decreasing the anode dew point 
always negatively impacted the kinetics.  This tradeoff between the mass transport 
and kinetic + Ohmic polarization shows that the water balance in operating 
AEMFCSis different at lower currents, where less water is being produced and 
consumed in the cell compared to high currents, and that the optimal dew points 
are dependent on the current density. 
To further examine the effect of the operating current density on the optimal 
gas feed dew points, a cell was broken in, equilibrated, and optimized at 3 A cm-2.  
The resulting dew points were 49 °C / 51 °C (calculated RHs = 59 % / 65 %) at the 
anode/cathode.  The current density was then systematically decreased in 250 mA 
cm-2 steps, optimizing the dew points at each step.  The equilibration time at each 
condition was no less than 30 minutes.  These steps and the resulting optimized 
conditions are plotted in Figure 2.9, from which it can be seen that the optimal water 
balance is extremely dependent on the current density, with the optimized gas feed 
dew points of  49 °C/51 °C at 3.0 A cm-2 to 54 °C/58 °C (calculated RHs = 75 % / 
91 %) at 250 mA cm-2. 
The optimized dew point swing of 5 °C at the anode and 7 °C at the cathode 
from low to high current demonstrates the importance of the water generation rate 
on the water balance in the cell.  In the case of low current, there is not a large 
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Figure 2.9.  Polarization curve of PtRu/Pt AEMFC with dew point optimized at 
each point of 250 mA cm-2 steps.  Each condition was held for 30 minutes. 
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amount of water generated and transported through the membrane, and therefore 
higher humidities are necessary to prevent dryout and maintain the hydroxide 
conductivity of the membrane and ionomer.  Conversely with the high water 
generation rates at high current density, the cell limitation shifts to water removal.  
With water abundant in the electrodes and membrane, hydroxide conductivity is 
not a concern; however, flooding and the mass transfer limiting current inhibits 
overall performance, dictating that the optimal dew points need to be significantly 
lower.   
To further demonstrate the current dependence, point by point polarization 
curves were taken (with 4-minute holds at each point from low to high current) at 
54 °C / 58 °C (the 250 mA cm-2 optimized dew point) and 49 °C / 51 °C (the 3.0 
A cm-2 optimized dew point).  The resulting cell performances are compared with 
the AEMFC polarization curve optimized at each point in Figure 2.10.  It can be 
seen that the cases diverged significantly.  At high stationary dew points (54 °C / 
58 °C), the cells was only capable of reaching 1.75 A cm-2 before the cell 
experienced a catastrophic flooding limitation.  At low reacting gas dewpoints 
(49 °C / 51 °C), membrane dryout (accompanied by an increase in the HFR, not 
shown) limited performance.  This was very bad for the cell.  In fact, the very low 
dew points held for an extended length of time at low water generation conditions 
caused irreversible performance loss, a result of extreme dryout at the electrode 
membrane interface at the cathode.  This extreme divergence for the curves run at 
the constant dew points optimized in high and low current density operation, and 
the significant difference between these optimized dew points, demonstrate the 
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Figure 2.10.  Polarization curve optimized at each point (30 mins/point) plotted 
against curves taken backwards from 3.0 A cm-2 optimal condition (49 °C / 51 °C) 
and forward from 0.25 A cm-2 optimal condition (54 °C / 58 °C). 
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very dynamic water dependence of the AEMFC under operation, a phenomenon 
that has not been previously explained or shown in the AEMFC literature. 
2.2.4.  Influence of H2 and O2 Gas Flow Rate 
In addition to wetproofing the electrodes, the feed gas flow rate can be used 
to elucidate water issues in operating fuel cells.  By comparing different gas feed 
flow rates at the anode and cathode using 0 wt% PTFE GDLs, the water removal 
rate was investigated.  Figure 2.11A shows the effect of a symmetrical 25 % 
decrease in anode and cathode feed gas flow rates (both decreased from 1.0 L min-
1 to 0.75 L min-1).  When the flow rate is decreased with cell dew points optimized 
at 57/55 and the AEMFC being discharged at 0.5 V (t = 0), the current rapidly drops 
from 1250 mA cm-2 to approximately 500 mA cm-2.  With a 0.5 V discharge hold 
and 0.75 L min-1, the current response exhibits a highly variable saw tooth pattern, 
which is typical of catalyst layer flooding. 
A comparison of the cell performance at the two flow rates can be observed 
in Figure 2.11B where the higher flow rate relieved the flooding limitation and was 
able to generate 2.5× greater power and current densities.  The polarization curves 
were taken after equilibration at each flow rate for 60 minutes under otherwise 
identical conditions.  The lower flow rate demonstrates a significant mass transfer 
limitation that initiates very early in the polarization curve (0.8 V and 300 mA cm-
2).  This effect cannot be accounted for by a simple reduction in the reaction rate 
because of gaseous reactant consumption, as the minimum stoichiometric ratio of 
feed gasses at 1.0 L min-1 are 15 and 30 × reactant consumption for pure H2 and O2 
respectively.  Further testing with cathode oxygen vs. cathode air (CO2-free) is 
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Figure 2.11.  Performance data for a study on varying gas flow rates (Anode and 
Cathode Pt: 1.25 mg cm-2 (BASF 50 wt%) on a 0 wt% PTFE GDL, with 
anode/cathode dew points = 57 °C / 55 °C).  (A) Current response at 0.5 V H2/O2 
AEMFC discharge with a decrease in gas flow rates from 1.00 to 0.75 L min-1 at t 
= 0; (B) H2/O2 AEMFC polarization curves with these two flow rates. 
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shown in Figure 2.12A and Figure 2.12B, respectively.  This data lends support to 
the idea that higher flow rates lead to improved water removal, as the volumetric 
flow rates remain the same in both cases, but the cathode supplied with air has only 
21 % the partial pressure of O2 in the catalyst layer.  The polarization curve data 
shows that the volumetric flow rate of the cathode gas is the most important aspect 
of the high flow rate, as opposed to the specific amount of O2 provided to the inlet.  
Lowering the reactant supply by a factor of 5 has minimal effect on performance 
(reduction in peak power of only 10 %), while lowering the volumetric flow rate of 
the gas feed by a quarter significantly lowers the peak power (by 60 %).  This 
demonstrates the impact of water rejection in the electrodes and the importance of 
this to the overall cell performance. 
The cell is further tested with the anode flow rate reduced to 0.2 L min-1 to 
match the molar flow rate of oxygen supplied to the cell under air operation, Figure 
2.13.  Lowering the H2 flow rate only decreases the performance slightly and does 
not show the same catastrophic effect seen when lowering the cathode flow rate.  
When the cathode stream is switched back to O2 but with a flow rate of only 0.2 L 
min-1, the cell is unable to hold a current at 0.5 V and “crashed” immediately.  These 
results support the importance of water removal at the cathode. A working 
hypothesis for the sudden and severe influence of the flow rate is now discussed.  
With a flow rate of 1.0 L min-1, the average gas velocity in the single pass serpentine 
channel is extremely high at 21 mm s-1, and this leads to a pressure drop along the 
flow path that results in a substantial pressure gradient between passes of the 
serpentine flow field.  This causes the gas to “jump the bar” where a portion of the  
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Figure 2.12.  Performance data for a study on varying oxidant makeup (Anode and 
Cathode Pt: 1.25 mg cm-2 (BASF 50 wt%) on a 0 wt% PTFE GDL, with 
anode/cathode dew points = 57 °C / 55 °C).  (A) H2/O2 AEMFC polarization curves 
with 1.0 L min-1 flow rates with and without HFR-correction; (D) Polarization 
curve with 1.0 L min-1 H2 and CO2-free-air. 
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Figure 2.13.  Varying the flow of H2 (lower humidities necessary for anode water 
removal at lower flows, given as anode/cathode dew points). 
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gas flow preferentially passes through the gas diffusion layer and the catalyst layer, 
avoiding the accumulation of liquid water.  With the lower flow rate, the water can 
collect in the catalyst layer and GDL, resulting in flooding and preventing adequate 
O2 supply to the triple phase boundary.  Therefore, other flow designs may increase 
the “jumping the bar” effect, yielding the positive effect of water removal from the 
catalyst layers at higher current densities and lower flow rates.  This will be the 
subject of a future study. 
2.2.5.  Reducing the Catalyst Loading 
To realize the potential of AEMFCs from a cost perspective, it will be 
necessary to lower (and ultimately eliminate) the platinum group metal (PGM) 
loadings in the catalyst layers.  Therefore, the total catalyst loading was reduced by 
approximately half, with an anode PtRu loading of 0.35 mg cm-2 and a cathode Pt 
loading of 0.25 mg cm-2 (Alfa, Pt/C, 40 wt%).  Both electrodes were fabricated with  
5 wt% PTFE in the GDL.  Despite using the three advances discussed - a high flow 
rate, lower relative humidity, and hydrophobic GDL - the cell experienced water 
mass transport limitations at all tested dew points (Figure 2.14A-C).  This is likely 
due to the thickness of the electrode, where thinner layers lower the water 
“capacity” of the catalyst layer, or the ability to absorb and transport excess water 
away from the catalyst during flooding conditions as well as provide water in the 
case of local dry-out.  At full humidity, the cell is unable to sustain a current above 
500 mA cm-2, where the only difference from the cell in Figure 2.6A (1.2 W cm-2 
and operation approaching 4 A cm-2) is the thinner catalyst layer.  Even under 
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Figure 2.14.  Polarization curves for AEMFCs with catalyst layer optimization 
(Anode PtRu: 0.35 mg cm-2 on 5 wt% PTFE, GDL Cathode Pt: 0.25 mg cm-2 (Alfa 
40 wt%) on 5 wt% PTFE GDL): (A) Modifying anode dew point (cell T = 60 °C); 
(B) Modifying cathode dew point (cell T = 60 °C); (C) Optimizing both dew points 
(cell T = 60 °C); (D) Cell T and humidity increase.  Legend labels = anode dew 
point/cathode dew point (panel A-C) or anode dew point/cathode dew point/cell 
(panel D). 
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galvanostatic control, the cell crashed and was unable to maintain steady 
performance at full humidification (Figure 2.3B). 
One possible way to combat the lower water capacity and inability of the 
thinner layer to reject water is to increase the cell temperature.  The influence of 
higher operating temperature was investigated using the same cell configuration as 
Figure 2.14A-C, but with an increased cell temperature of 70 °C with the setting of 
both humidifiers to a temperature of 69.5 °C (calculated RH = 97.9 %).  A 
comparison between 70 °C and the best performing 60 °C test with the same cell 
configuration can be seen in Figure 2.14D.  Even at 98 % RH, the increased 
temperature mitigates the water issues in the cell that were present at 60 °C.  This 
is likely due to the presence of more absolute water content in the vapor phase, 
along with an increased ability for the gas flow to accept and discharge water.  The 
increased water management ability shows that higher temperature may be able to 
alleviate the catalyst layer and GDL flooding while maintaining high levels of 
hydration for the  
AEM.  This represents a promising avenue for the future application of AEMFCs, 
although more work must be done in the polymer community to create more 
chemically and mechanically robust AEMs with high ionic conductivities at 
temperatures > 60 °C. 
2.3.  Conclusions 
In this work, it was shown that the amount and balance of water is important 
in order to achieve high performing anion exchange membrane fuel cells 
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(AEMFC).  Cell performance can be systematically increased by tuning the cell 
water to optimize the dynamic (and sometimes delicate) balance between 
membrane hydration and electrode flooding/dry-out.  It was observed that a number 
of AEMFC operation conditions can even lead to the flooding of the AEMFC 
cathode.  There are several possible variables that can be controlled to actively 
manipulate the cell water: gas feed dew points, catalyst layer hydrophobicity, anode 
and cathode gas flow rates, flow channel design, catalyst layer engineering, and the 
physicochemical properties of the anion exchange membrane and ionomers.  
Additionally, operating at higher temperature increases the amount of absolute 
water in the vapor phase, and likely the water buffering capacity.  Future work by 
the project collaborators will investigate the influence of ionomer:carbon ratio, 
ionomer ion-exchange capacity and chemistry, electrode fabrication technique, 
catalyst loading, and catalyst layer porosity on the AEMFC performance. 
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CHAPTER 3:  
 
Beyond Catalysis and Membranes: Visualizing and 
Solving the Challenge of Electrode Water Accumulation 
and Flooding in AEMFCs 
The purpose of this work was to fundamentally investigate the influence of 
electrode composition and structure, and operating conditions, on the transport 
properties of reactants, products, ions and water, which ultimately dictate 
performance.  In this work, convincing experimental results are presented – 
coupling operando electrochemical measurements and neutron imaging – 
supporting this theory and allowing the amount and distribution of water, and its 
impact on AEMFC performance, to be quantified for the first time.  New electrode 
compositions are created by systematically manipulating the ionomer and carbon 
content in the anode catalyst layer, which allowed for the alleviation of the mass 
transport behavior limitations of H2/O2 AEMFCs and achieve a new record-setting 
peak power density of 1.9 W cm-2 – a step-change to existing literature. These 
efforts cast a new light on the design and optimization of AEMFCs – potentially 
changing the way that AEMFCs are constructed and operated.  This work was 
published in Energy and Environmental Science [21]. 
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3.1.  Experimental 
3.1.1.  Ethylene Tetrafluoroethylene (ETFE-BTMA) Membrane Synthesis 
The ETFE-BTMA membrane was prepared from pre-formed ETFE 
films (25 μm thickness, Nowofol Kunststoffprodukte GmbH (Germany)) 
using the peroxidation (pre-irradiation in air) method previously reported [5].  
The ETFE films were subjected to electron-beam irradiation in air to 30 kGy 
total absorbed dose (using a 4.5 MeV Dynamatron Continuous Electron 
Beam Unit at Synergy Health, South Marston, UK).  As the irradiation step 
is performed in air, immediate reaction of the radicals that are formed with 
O2 molecules leads to the creation of peroxide and hydroperoxide groups on 
the polymers.  The peroxidated ETFE films then act as a solid-state free-
radical initiator for the subsequent graft polymerization step.  After 
irradiation, the films were transported back to the laboratory in dry ice before 
they were stored in a freezer at −40 °C (the peroxide groups are stable for 
around 6 months at this temperature [95]). 
For the grafting step, the electron-beamed films (ca. 15 cm × 15 cm) 
were immersed in an aqueous dispersion of VBC (vinylbenzyl chloride, 
5 %vol. mixture of 3- and 4-isomers; 500 – 100 ppm tert-4-butylcatechol and 
700 – 1100 ppm nitromethane inhibitors, Sigma-Aldrich and used without 
the removal of inhibitors) in sealed vessels along with addition of dispersant 
(1 %vol. 1-octyl-2-pyrrolidone, Sigma-Aldrich).  The solutions were purged 
with N2 for 2 h before the vessel was sealed and heated at 70 °C.  After the 
reaction period, the films were removed from the grafting mixture and 
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washed in toluene (reagent grade, Fisher Scientific); this process is employed 
to remove excess unreacted VBC and any poly(VBC) homopolymer (not 
bound to the ETFE base material) that may be present.  The resulting 
intermediate ETFE-g-poly(VBC) films were subsequently dried at 70 °C for 
5 h in a vacuum oven to remove all traces of solvent. 
To quaternize, the intermediate films were then submerged in the 
aqueous TMA solution (aqueous trimethylamine solution, 45 wt%, Sigma-
Aldrich) at ambient temperature for 24 h, then washed in DI water (ultra-pure 
deionized water with a resistivity of 18.2 MΩ cm), and finally heated in fresh 
DI water; this procedure was adopted to remove any excess TMA from the 
resulting quaternized ETFE-g-poly(vinylbenzyl trimethylammonium) anion 
exchange membranes (AEMs).  Final conversion to the chloride-anion-form 
ETFE-BTMA AEMs was conducted as follows: the as-synthesized AEMs 
were submerged in aqueous NaCl (1 M) for 15 h with one change of NaCl 
solution during this period to ensure complete ion-exchange.  The resulting 
AEMs were then soaked in water to remove any excess NaCl-derived co- and 
counter-ions.  The final desired radiation-grafted AEM(Cl-) films were stored 
in water until required and were not allowed to dry out at any point before 
subsequent measurements/experiments were conducted. 
3.1.2.  Perfluorinated Anion-Exchange Membrane (PFAEM) Synthesis 
  Synthesis of the perfluorinated anion exchange membrane (PFAEM 
Gen 2) has been previously described in detail [13] and is summarized herein.  
A perfluorosulfonic acid precursor in the sulfonamide form was acquired 
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from 3M with equivalent weight (in sulfonic acid form) of 825 g/mol.  A 
linking molecule, iodohexyltrimethyl ammonium iodide, was synthesized by 
adding an excess of trimethylamine to 1,6-dibromohexane in tetrahydrofuran 
at 0 °C and stirring overnight at 23 °C.  The precipitated product was filtered, 
washed repeatedly with hexane, and dried under vacuum.  This intermediate 
bromide salt was then converted into iodide form by ion exchange with an 
excess of potassium iodide in acetonitrile under reflux for 12 h.  The resulting 
iodide salts were precipitated with chloroform, filtered, and dried under 
vacuum.   
PFAEM Gen 2 was prepared by adding an excess (~1.3x) of the 
iodohexyltrimethyl ammonium iodide linker to a 0.05 M solution of 
sulfonamide precursor polymer in dimethylformamide and an excess of 
potassium carbonate.  The reaction mixture was stirred at 120 °C for 48 h.  4 
equivalents of iodomethane were then added to the intermediate 
(zwitterionic) polymer at room temperature.  The reaction mixture was then 
stirred for 12 h at 100 °C in a pressurized glass flask.  The reaction mixture 
(after cooling to 23 °C) was poured into a 5-fold volume excess of 70 % 
methanol solution.  Following 5 h of continuous stirring at 23 °C, the 
precipitated ionomer was filtered, washed 3 times with 70 % methanol 
solution, and dried at 50 °C under vacuum. 
Membranes (iodide counterion form) were prepared by dissolving 
PFAEM at 120 °C for 2 h in a 5 wt% solution in dimethylacetamide, then 
hand spreading over a 6” x 6” square of fiberglass-reinforced Teflon and 
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evaporating overnight at 60 °C.  Resultant membranes were annealed in a hot 
press at 160 °C and 800 psi for 10 minutes, then converted to the hydroxide 
ion form by immersion in 1 M NaOH for 1 hour at 23 °C (exchanged 2x). 
3.1.3.  Anion-Exchange Ionomer (AEI) Powder Synthesis 
The synthesis of the AEI powder was reported previously [18] and is 
summarized here.  ETFE powder (Z8820X, AGC Chemicals Europe) with a 
particle size of 20 – 30 μm was peroxidated in air using an electron-beam 
with a total absorbed dose of 70 kGy.  The resulting “activated” powder was 
then submerged in a solution containing VBC, 2-propanol (reagent grade, 
Sigma-Aldrich), and Surfadone LP-100 (ISPcorp) with a volume ratio of 
1.00:3.95:0.05.  The mixture was purged with N2 for 2 h, and then sealed and 
heated for 72 h at 60 °C.  The powder was recovered by filtration, washed 
with toluene (reagent grade, Fisher Scientific), and dried at 50 °C under 
vacuum, resulting in ETFE-g-poly(VBC) grafted powders. 
The powder was quaternized by submersion in an aqueous TMA 
solution (TMA, 50 wt% in water, Acros Organics) for 5 h at ambient 
temperature.  The resulting powder was washed 5 times with DI water, and 
then heated in DI water for 18 h at 50 °C.  After a further water wash step (5 
× DI water) the powder was dried for 5 d at 40 °C under vacuum.  The final 
resulting anion-conducting AEI powder (in the most chemically stable Cl- 
form), that was used in all of the electrodes in this manuscript, possessed an 
IEC of 1.24 ± 0.06 mmol g-1 (n = 3). 
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3.1.4.  Materials and Gas Diffusion Electrode (GDE) Preparation 
First, the AEI powder was ground with a mortar and pestle for 10 min 
to reduce the number of aggregated particles.  Next, 100 – 150 mg of one of 
two carbon supported catalysts was added to the AEI in various ratios 
(approx. 20 wt%, detailed in Table 3.3) along with 1 mL DI water: 40 wt% 
Pt on Vulcan carbon (Alfa Aesar HiSPEC 4000, Pt nominally 40 wt%, 
supported on Vulcan XC-72R carbon), or 40 wt% Pt + 20 wt% Ru on vulcan 
carbon (Alfa Aesar HiSPEC 10000, Pt nominally 40 wt%, and Ru, nominally 
20 wt%, supported on Vulcan XC-72R carbon).  For some anode electrodes 
various amounts (loadings detailed in Table 3.3) of catalyst free vulcan 
carbon (XC-72R, Cabot) was added to the mixture in order to increase the 
macro porosity and water capacity of the catalyst layers.  This carbon addition 
was performed with catalyst free carbon to maintain the accurate electrode 
comparisons with identical catalysts.  The catalyst-AEI mixture was then 
ground with a mortar and pestle for 10 min, a length of time that was selected 
because it invariably produced a visually and texturally homogenous slurry, 
suggesting that no AEI agglomerates remained.  Then, 2 mL of 2-propanol 
(Fisher Chemical Optima) was added to the mortar and ground for a further 
5 min, after which the catalyst slurry was completely transferred to a LDPE 
vial, and combined with an additional 7 mL of 2-propanol to produce a low 
viscosity ink.  Each ink was homogenized in an ice-chilled ultrasonic bath 
(Fisher Scientific FS30H) for 60 min, maintained between 5 °C and 10 °C. 
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The resulting catalyst inks were used to fabricate gas diffusion 
electrodes (GDEs) by hand spraying onto a larger area gas diffusion layer 
(GDL, Toray TGP-H-060 with 5 wt% PTFE wetproofing (0 wt% PTFE 
wetproofing was used in previous work given in Figure 3.2 and Table 3.2)) 
with an Iwata Eclipse HP-CS using 15 psig N2 (Airgas Ultra High Purity).  5 
cm2 GDEs were then cut from the larger sprayed electrode for use in the cell 
hardware.  Generally, the target total platinum group metal loading of the 
resulting GDEs was 0.6 ± 0.1 mg cm-2, and the actual catalyst loading for 
each data set is given in the tables and/or figure captions. 
3.1.5.  MEA Assembly and Anion Exchange Membrane Fuel Cell Testing 
Prior to MEA and fuel cell assembly, the GDEs and AEMs were 
separately immersed in aqueous KOH (1 M, Fisher Chemical, 
pellets/certified ACS) for 60 min, replacing the solution every 20 min to 
ensure complete ion-exchange.  During this hydration and ion-exchange 
process, no substantial electrocatalyst or AEI particles were observed to wash 
off the GDE surface, showing adequate adhesion of the catalyst layers onto 
the GDLs.  Excess aqueous KOH and water were removed from the 
electrodes and membrane with a laboratory cloth prior to assembly.  Each set 
of GDEs and AEM were pressed together in-cell to form the membrane 
electrode assembly (MEA) with no prior hot pressing.  The MEAs were 
secured in 5 cm2 Fuel Cell Technologies hardware between two single pass 
serpentine flow graphite plates using 6 mil (150 µm) PTFE gaskets with 20 % 
pinch (5.1 N∙m torque).  A Scribner 850e Fuel Cell Test Station was used for 
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all testing.  H2 and O2 gas feeds were supplied to the anode and cathode, 
respectively, at various flow rates and dew points without back–
pressurization (ca. 1 atm absolute).  Throughout this manuscript, the dew 
points of the supplied gases will be identified in an Anode/Cathode format 
with the dew points reported in °C, e.g. 57/55 would correspond to an anode 
dew point of 57 °C and a cathode dew point of 55 °C.  The cell temperature 
was held constant at 60 °C ± 0.5 °C for all experiments.  The temperature of 
the heated gas follow lines between the fuel cell test stand and the cell were 
maintained at 5 °C above the respective gas dew points. 
All of the polarization curves shown were collected under 
potentiometric control at a scan rate of 10 mV∙s-1.  Linear sweeps – in lieu of 
point-by-point collection was used in order to better tease out flooding issues 
under water starved and flooded conditions.  When the water management 
issues were well controlled, there is no significant difference between point 
by point and linear sweep polarization curves, which is shown in previous 
work for multiple high performing cells [19].  Additionally, tests were 
repeated after multiple hours and varying the testing conditions to ensure 
stability, recoverability, and repeatability. 
3.1.6.  Neutron Imaging Cell and Operation 
To investigate the water imbalance in the AEMFC and identify 
flooding and mass transport limitations, the cell was rebuilt in with a IC anode 
in special operando cell and analyzed using neutron imaging, a quantitative, 
non-destructive measurement of localized liquid water, with a 6.5 μm pixel 
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size and 13 μm special resolution.  The hardware has been previous described 
in detail [105] and is summarized herein.  Gold plated combination current 
collector and flow fields with a single serpentine flow pattern and active area 
of 1.2 cm2 were assembled with a Pt cathode and a PtRu(IC) anode.  Both the 
ETFE-BTMA and PFAEM membranes were utilized with identical 
electrodes and assembled with 6-mil gaskets to achieve a 20 % compressive 
pinch.  The cells were then humidified and broken in under the same protocol 
used for the 5 cm2 cells.  It should be noted that the NIST cells are primarily 
optimized for the imaging techniques, and due to their smaller size, assembly 
requirements, and flow field pattern (designed for optimal imaging of the 
electrodes and membrane), they do not achieve the same maximum 
performance as the Fuel Cell Technologies 5cm2 hardware. 
The cell was first optimized in the neutron beam facility, first 
humidified, broken in, and then the dew points were optimized at a constant 
current density of 1.5 A cm-2.  The current was held constant during all 
images in order to control the water production and consumption rate at the 
anode and cathode.  After optimization the images were taken in 1-hour 
cycles.  The first 20 minutes were to allow equilibration for any changed 
conditions, after which 20 images were taken, each image collected over two 
minutes.  The high-resolution neutron images were collected on the BT-2 
beam line at the NIST Center for Neutron Research (NCNR), and captured 
with a high-resolution CCD box with an MCP detector and special resolution 
of about 6.5 microns.  For each data point the 20 images were averaged, 
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combined, deconvoluted, and analyzed using NCNR software & protocols 
(for the crashed condition in the ETFE-BTMA cell the 20 images were split 
into two groups and analyzed separately, giving the before and after crash 
images/data).  The conditions that were varied during these experiments were 
the feed stream dew points, which were raised and lowered from the optimal 
conditions, and the current density, which directly affect the water production 
and consumption rate at the anode and cathode respectively.  The effect of 
these factors on water in the catalyst layers, GDLs, and membrane were 
examined through this operando visualization technique, which provides 
simultaneous information on the membrane hydration, water movement 
through the membrane, water location, flooding behavior over the entire cell, 
and how these factors are coupled with the current and voltage. 
3.2.  Results and Discussion 
3.2.1.  Current State-of-the-Art AEMFCs and Electrode Limitations 
One area in AEMFC research where there exists a significant 
knowledge gap, due to a lack of fundamental investigation and modeling 
efforts, is the influence of electrode composition and structure, and operating 
conditions, on the transport properties of reactants, products, ions and water, 
which ultimately dictate performance.  Among these, water is particularly 
important in AEMFCs because of its severe intrinsic imbalance 
[19,61,66,106,107].  In a PEMFC, water is only generated at the cathode at a 
rate of 2 water molecules for every 4 electrons transferred.  In an AEMFC, 
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there are 4 water molecules generated at the anode in addition to 2 water 
molecules consumed at the cathode for every 4 electrons transferred (Figure 
3.1).  This creates a water differential between the cathode and anode that is 
three times larger in AEMFCs than in PEMFCs (6 vs. 2).  Additionally, the 
ability to influence this water balance through manipulation of anode and 
cathode flow rates and pre-humidification levels is greatly altered.  
Therefore, AEMFCs represent an entirely new learning curve with respect to 
the treatment of water that has not been adequately investigated to date.  
Properly addressing the water imbalance through new operational strategies 
and cell architectures is critical for AEMFCs to achieve performances 
comparable to those of PEMFCs and enable them to compete in the 
marketplace. 
It was recently proposed [12,19] that the achievable current density in 
AEMFCs is limited in most published experimental studies by poorly 
balanced water during cell operation.  Indirect evidence has been presented 
showing that simultaneously decreasing the anode and cathode gas dew 
points reduced flooding events and increased AEMFC current and power.  In 
this work, operando electrochemical measurements were coupled with 
neutron imaging to directly show the behavior of water before, during and 
after AEMFC flooding events, which allow us to answer open questions 
about the hydration of the membrane, catalyst layers and gas diffusion layers 
as well as the nature of the reacting water at the cathode – none of which have 
been reported previously.  It was also clear from the neutron imaging, which 
89 
 
 
Figure 3.1.  Schematic of AEMFC water consumption, generation, migration, 
and diffusion. 
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will be discussed thoroughly later, that controlling the anode and cathode dew 
points are not sufficient to weed out catastrophic flooding entirely and 
optimize performance.  To do this, the electrode composition must also be 
considered since the amounts and ratios of carbon, AEI and catalyst in the 
catalyst layer, and their distribution within the electrode structure, will play 
a significant role in determining cell power.  Through systematic design of 
the catalyst layer, coupled with balancing cell water, a pathway was shown 
that increases the achievable current in an operating AEMFC by 25 % (to 
nearly 5 A cm-2 at full cell discharge) and the achievable power density by 
35 % (to 1.9 W cm-2) compared to the existing state-of-the-art (recent high 
performing AEMFCs are summarized in Table 3.1) [19]. 
To achieve the existing state-of-the-art current and power, one of the 
most important changes was the replacement of the Pt catalyst in the anode 
catalyst layer with PtRu, which previously allowed the peak power to 
increase from 1.05 W cm-2 to 1.4 W cm-2 (at optimized anode and cathode 
dew points) through improved hydrogen oxidation reaction (HOR) kinetics, 
Figure 3.2.  However, when researchers added Ru to the catalyst, it was done 
by: i) keeping Pt loading on the electrodes the same; and ii) maintaining the 
total percentage of AEI in the catalyst layer.  The effect of adding Ru in this 
manner is that the relative amount of carbon is appreciably reduced, resulting 
in a thinner and less porous catalyst layer; denoted as SC (standard carbon) 
in Figure 3.3 and Table 3.3.  The thinner, less porous catalyst layer results in 
reduced electrode layer water capacity/tolerance (meaning the amount of  
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Table 3.1.  Published AEMFCs with 1.0 W cm-2 or greater peak power density. 
AEM Chemistry 
Peak Power 
Density 
W cm-2 
Cell 
Temp 
°C 
A/C Dew 
Points 
°C 
Back Pressure  
kPag 
A/C Pt Loading 
mg cm-2 
ETFE-BTMA (this work) 1.9 60 45/46 0 0.5/0.5 
LDPE-BTMA [17] 1.5 80 80/80 0 0.4/0.4 
PFAEM Gen2 [13] 1.4 60 50/53 15 0.5/0.5 
aQAPS [20] 1.0 60 60/60 100 0.3/0.4 
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Figure 3.2.  (A) i-V and (B) i-Power curves (10 mV⋅s-1 forward scans) showing the 
progression of recent discoveries to reach the current literature state-of-the-art [19].  
In all cases, a radiation grafted ETFE membrane with a BTMA headgroup was 
used.  The cell temperature was 60 °C with a flow rate of 1.0 L⋅min-1 for H2 and O2 
at the anode and cathode, respectively.  The gas feed dew points were either 60 °C 
(FH, dotted lines), or optimized (OD, solid lines).  Further cell and electrode details 
in Table 3.2. 
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Table 3.2.  Electrode composition of progression [19]. 
Anode/Electrode Type: Pt (no PTFE) Pt (w/ PTFE) PtRu (SC) PtRu (IC) 
GDL Wetproofing No wetproofing 5% PTFE 5% PTFE 5% PTFE 
Anode Catalyst Pt Pt PtRu PtRu 
Anode (Pt or PtRu)  
Loading, mg cm-2 
1.25 0.84 0.67 0.67 
Cathode Pt Loading, 
mg cm-2 
1.25 0.84 0.53 0.53 
Optimized Dew Points  
Anode/Cathode, °C 
57/55 53/51 54/57 54/57 
Carbon weight % 48 % 48 % 32.0 % 41.4 % 
AEI weight % 20.0 % 20.0 % 20.0 % 17.2 % 
AEI:C:Pt ratio 0.625 : 1.5 : 1 0.625 : 1.5 : 1 0.625 : 1.0 : 1 0.625 : 1.5 : 1 
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Figure 3.3.  (A) i-V and (B) i-Power curves (10 mV s-1 forward scans) of AEMFCs 
with an ETFE-based AEM and AEI, both containing a benzyl trimethyl ammonium 
(BTMA) headgroup (ETFE-BTMA).  The cathode for each of these were the same 
within experimental reproducibility, but 5 different anodes were produced 
(Table 3.3): SC – standard carbon, which is a result of how PtRu was added to the 
anode as a replacement for Pt; IC – increased carbon, which was done to match the 
AEI:C:catalyst layer while keeping the Pt:C ratio the same ratio as the best-
performing Pt/C anodes; r-IC – reduced thickness (60 % loading) anode with the 
same AEI:C:Pt ratio as the IC anode; r-DC – reduced thickness anode with the same 
catalyst loading as IC, but twice the carbon and ionomer; and BC – anode with a 
balanced AEI:C:Pt ratio.  The cell temperature was fixed at 60 °C with flow rates 
of 1.0 L min-1 for H2 and O2 at the anode and cathode, respectively.  Optimized 
anode/cathode dew points were applied for each test: BC (45 °C / 46 °C), 
IC (47 °C / 49 °C), SC (54 °C / 57 °C), r-IC (53 °C / 53 °C), r-DC (51 °C / 52 °C). 
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Table 3.3.  Catalyst, carbon, and AEI loadings and ratios of all tested conditions. 
Anode Type: SC IC r-IC r-DC BC 
PtRu Loading, mg cm-2 0.67 0.71 0.42 0.42 0.71 
Carbon Loading, mg cm-2 0.45 0.71 0.42 0.84 1.07 
Carbon weight % 32.0 % 41.4 % 41.4 % 52.2 % *48.0 % 
AEI weight % 20.0 % 17.2 % 17.2 % 21.7 % *20.0 % 
AEI:C ratio 0.625 *0.417 *0.417 *0.417 *0.417 
AEI:C:Pt ratio 0.625 : 1.0 : 1 0.625 : 1.5 : 1 0.625 : 1.5 : 1 1.25 : 3.0 : 1 0.94 : 2.5 : 1 
* optimized value 
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water that can be held without flooding issues arising) in the anode.  The 
reduction in anode water capacity can limit the ability of AEMFCs to achieve, 
and more importantly maintain, higher current and power densities. 
Therefore, the first approach to increasing the achievable current in 
these PtRu anode AEMFCs was to increase the pore volume and water 
capacity of the anode by increasing the amount of carbon in the anode.  This 
case is denoted in Figure 3.3 and Table 3.3 as IC (increased carbon) and was 
selected to achieve the same AEI:C:Pt ratio as previously reported Pt-based 
anodes [19].  The result, shown in Figures 3.3, was an increase in cell power 
density to 1.7 W cm-2, compared to SC, 1.4 W cm-2, although the limiting 
current of IC was slightly less than SC.  The limiting current behavior of the 
IC polarization curve showed an inflection point, Figure 3.3B, which 
suggests that cell water management was still a concern at high current 
density, which can be alleviated through further electrode design and control 
of the AEI:C:Pt balance. 
3.2.2.  In-Plane Neutron Radiography of Operando AEMFCs 
In order to better understand fuel cell operando water dynamics, 
neutron imaging experiments were done at the NIST Center for Neutron 
Research [108], with results in Figure 3.4.  Cells designed for use in the 
neutron beam (1.2 cm2 active area) [105] were constructed with a IC anode, 
Pt/C cathode (Table 3.3), and a radiation-grafted ETFE-based AEI powder 
and AEM (hydrated thickness = 50 μm) [5,18].  Firstly, cell voltage was 
maximized at 1.5 A cm-2 by finding the optimal anode and cathode operating 
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Figure 3.4.  A) Operando in-plane neutron radiographic images (resolution of 
13 μm),of water in the gas diffusion layers, catalyst layers, and the radiation-grafted 
ETFE-BTMA AEM in an AEMFC operating at 1.5 A cm-2, 60 °C, 1.0 L min-1 H2 
and O2, after equilibration at the following symmetric dew points: optimized 
(anode/cathode 50 oC/50 oC), optimized +1 °C, the first 30 min at optimized +2 °C, 
and the performance “crashed condition” resulting from flooding at the high 
humidity, which was seen after 30 min at optimized +2 °C; B) Qualitative through-
plane water distribution plots extracted from the data in part A, water thickness is 
a measure of the amount of water through the cell at that pixel; C) Operando in-
plane neutron radiographic images of a PFAEM-based AEMFC after equilibration 
at the following symmetric dew points: optimized, optimized +1 °C, optimized + 2 
°C, and a recovered cell at optimized dew points and 1.0 A cm-2 current density. 
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dew points – 50 °C (62 % relative humidity, RH) at both electrodes while 
ensuring stable operation (each individual cell was able to operate 
continuously and stably for more than 12 h).  External water was then slowly 
added to the cell by increasing the dew points of both the anode and cathode 
by 1 °C (optimal + 1 °C) and 2 °C (optimal + 2 °C).  The steady-state 
distribution of water at each condition with the ETFE-BTMA AEMs and 
ETFE-BTMA AEI-containing catalyst layers are shown as in-plane neutron 
radiographic images (Figure 3.4A) and quantitative through-plane water 
distribution plots (Figure 3.4B). 
As the relative humidity of the gas feeds is increased, the anode 
experiences an increase in the amount of liquid water, with a large amount 
accumulating in both the anode catalyst layer and gas diffusion layer (GDL), 
while the cathode catalyst layer and GDL show almost no RH dependence.  
At optimal +1 °C, liquid water accumulating in the anode catalyst layer and 
GDL was coupled with a 75 mV reduction in the cell voltage (Figure 3.5).  
As the dew points were increased to optimal +2 °C, liquid water 
accumulation further increased, and the cell voltage decreased an additional 
50 mV (Figure 3.5).  After 30 min at the optimal +2 °C condition, water 
further accumulated in the anode GDL, the severity of which was observed 
in the water distribution plot (Figure 3.4B, pixels 0 – 10) and in the in the 
neutron image (right hand neutron image in Figure 3.4A).  This resulted in 
the cell losing its ability to support the 1.5 A cm-2 current density as the cell 
voltage fell to 0 V and the test stand could no longer operate galvanostatically  
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Figure 3.5.  Voltage and current density over time with the ETFE-BTMA cell 
for varying feed gas dew points of the NIST 1.2 cm-2 radiography cell, 
demonstrating the effect of flooding, including the decreasing voltage and 
significant flooding event resulting in the cell crash at approximately 30 
minutes after the Optimum +2 °C condition is started. 
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at the set-point current (Figure 3.5).  The cell performance observed, both 
steady-state and dynamic, gives insight into water management issues during 
AEMFC operation, notably: i) the amount of water in the anode GDL 
increased significantly with inlet RH, eventually depriving the anode catalyst 
layer of sufficient reactant H2 gas, highlighting the importance of anode water 
management; ii) the total amount of water in the AEM was decreased after 
the flooding event, and a much lower water content was observed near the 
cathode interface than the anode interface as would be expected; and iii) 
water in the cathode catalyst layer and the cathode GDL was independent of 
RH, even after 30 min at the optimal +2 °C condition where lower currents 
were observed. 
The observed performance and water distribution profiles strongly 
suggest that back diffusion of water from the anode to the cathode is primarily 
responsible for keeping the AEM hydrated during cell operation, and is the 
critical source of water for the cathode reaction.  Further, the back diffusion 
of water is primarily driven by the water production reaction within the 
anode, as when the cell stops producing water at the anode as the current 
drops (as in the case of optimal +2 oC @ 30 min), the water in the cathode 
catalyst layer and GDL remain largely unchanged even compared to the less 
humidified, optimal condition.  These are new observations that have not 
been reported previously, though they are supported by the fact that low 
relative humidities at the cathode are needed to achieve the recent record 
AEM performance [17,19] since rapid liquid water transport coupled with 
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high cathode gas dew points can lead to cathode flooding as well [19].  These 
observations also explain why high ionic conductivity and water transport 
rates are critical requirements in AEMFCs – water back diffusion is directly 
related to hydration and AEM ionic conductivity [63].  Low ionic 
conductivity in the AEM would not only yield high Ohmic resistances (as 
expected), but would also lead to cathode dry-out due to the reduced level of 
water back diffusion; both of these effects not only limit the achievable 
current density, but also risks poor AEI stability and rapid chemical 
degradation of the AEMFC components [12,61,109,110]. 
Identical neutron imaging experiments were performed with the same 
electrode design used in the radiation-grafted ETFE-BTMA AEM 
experiments, but replacing the membrane with a perfluorinated AEM 
(PFAEM, hydrated thickness = 45 μm) [13].  These two membranes have 
very different chemical and physical properties despite their similar ionic 
conductivities (ETFE- BTMA: 132 mS cm-1, PFAEM: 122 mS cm-1 at 80 °C, 
95 % relative humidity) [13,15] and functional headgroup.  The PFAEM 
membrane had a lower ion-exchange capacity (IEC) than the radiation-
grafted ETFE-BTMA membrane (0.91 meq g-1 vs. 2.01 meq g-1) and lower 
water uptake (13 wt% vs. 53 wt%) [5,13].  The AEMFCs constructed with 
the PFAEM required slightly higher optimal dew points in the gas feed 
streams (Anode: 54 °C = 75 %RH; Cathode: 51 °C = 65 %RH), possibly due 
to its lower water content, which can clearly be seen in Figure 3.4C when 
compared to Figure 3.4A.  Despite the differences between these AEMs, very 
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similar water content trends were observed in the AEMFCs, which indicates 
that the lessons learned regarding the AEM hydration and the availability of 
reactant water in the cathode are more generally applicable to AEMFCs, and 
not just a membrane-specific observation.  One additional insight gained 
from the PFAEM AEMFC experiments was that following optimal +2 oC 
anode flooding, excess water could be relieved at the cathode by lowering the 
current density from 1.5 A cm-2 to 1.0 A cm-2 (Figure 3.6), demonstrating 
that water accumulation is dynamically controllable and reversible through a 
combination of the operating parameters.  From the results above, it is clear 
that AEMFC performance is a balance between maintaining adequate AEM 
hydration and avoiding electrode flooding, and that AEMFCs are much more 
sensitive to water management than PEMFCs. 
 The voltage response over portions of these tests are given in Figure 
3.5 for the ETFE-BTMA test, and Figure 3.6 for the PFAEM test.  With the 
ETFE-BTMA membrane, it can be observed that as the dew points are 
increased, the operating voltage is driven down, until it reaches a point where 
the flooding overtakes the electrodes, and the current plummets to zero.  The 
visualization and quantification of this event is shown in Figure 3.4.  With 
the PFAEM, the current drops under similarly observed flooding events as 
the ETFE-BTMA, however the current does not fall to 0.  More interestingly, 
when the dew points are relaxed, the current is able to return to the set value 
of 1.5 mA cm-2, but the cell is just barely stable since the cell voltage remains 
ca. 0 V. When the set current is lowered to 1.0 mA cm-2 (and to 0.5 mA cm-2), 
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Figure 3.6.  Voltage and current density over time with the PFAEM cell for 
varying feed gas dew points current densities of the NIST 1.2 cm-2 
radiography cell, demonstrating the effect of flooding and recovery through 
lowered set current density. 
  
104 
 
the flooding is immediately relieved, and the voltage recovers (Figure 3.6).  
It is also observable in the in-plane neutron radiographic image in Figure 
3.4C, where the last panel shows the flooding of the electrodes has been 
completely alleviated.  These observations show that the flooding behavior 
of the cells is reversible and the preferred method of relaxation is a brief 
decrease in cell current.  This suggest that while the feed gas dew points have 
a large effect on electrode flooding, focus should be directed at the catalyst 
layer and GDL to tune the water management within the electrode and 
membrane to optimize cell performance and further AEMFC capabilities. 
3.2.3.  Polarization Curve Deconvolution for Optimal AEI:C:Pt Anode Balance 
Returning to the fuel cell performances reported in Figure 3.3, the 
slight inflection in the polarization curve of IC and the close position of the 
peak power current relative to the mass transport limiting current suggests 
that anode flooding was a concern.  To investigate this, AEMFCs were 
assembled with an identical AEI:C:Pt weight ratio to IC (0.625:1.5:1), but 
with only 60 % of the total anode catalyst layer loading, and hence a reduced 
catalyst layer thickness (denoted as r-IC).  The undesirable effect of reducing 
the catalyst layer thickness was that the transition to mass transport control 
occurred at a much lower current density.  This can be observed both by 
directly comparing the IC and r-IC polarization curves (Figure 3.3 and 
Table 3.4) as well as taking a deeper look into intrinsic behavior by 
deconvoluting the polarization curves into their mass transport (Figure 3.7),  
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Table 3.4.  Electrochemical diagnostics and descriptions of the IC anode and the 
reduced loading anodes (r-IC and r-DC), including ECSA, currents at low 
overpotentials, peak power, and electrochemical impedance spectroscopy-(EIS)-
derived data (details in the supporting information). 
Anode Type:  IC r-IC r-DC 
ECSA m2 g-1 51.5 46.5 48.3 
Anode Loading - PtRu mgcm-2 0.72 0.42 0.42 
Cathode Loading - Pt mg cm-2 0.54 0.54 0.53 
Current @ 0.90V mA cm-2 51.9 49.9 48.1 
Current @ 0.85V mA cm-2 222 154 157 
Current @ 0.80V mA cm-2 612 321 347 
Max Power Density mW cm-2 1690 783 904 
OH- Transfer Resistance  mΩ cm2 49.4 54.7 47.0 
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Figure 3.7.  Panels A-C show the overpotentials of ETFE-BTMA containing 
AEMFCs using near identical cathodes and different anodes (details given in 
Table 3.3), deconvoluted from the data in Figure 1 into their: A) mass transfer 
(MT), B) ohmic, and C) kinetic contributions; Panel D shows plots of kinetic 
overpotential vs. mass corrected current density (Pt anode). 
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Ohmic (Figure 3.7B) and kinetic (Figure 3.7C and 3D) constituents, using a 
method first published by Gasteiger et al. [111]. 
The reduction in operating cell voltage in a fuel cell is cause by the 
sum of three overpotentials based on the kinetic, ohmic, and mass transfer 
limitations of the operating cell, and can be represented by: 
𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐸𝐸𝑟𝑟𝑐𝑐𝑟𝑟 − 𝜂𝜂Ω − 𝜂𝜂kinetic − 𝜂𝜂MT      (3.1) 
The first step to breaking out the overpotentials of the polarization 
curves is to isolate the ohmic overpotential or iR free cell voltage using the 
current and ohmic resistances at each point as shown: 
𝐸𝐸𝑖𝑖𝑖𝑖−𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝐸𝐸𝑐𝑐𝑓𝑓𝑐𝑐𝑐𝑐 + 𝑖𝑖𝑅𝑅Ω       (3.2) 
where iRΩ is also the ohmic overpotential.  The iR values are calculated at 
each point along the polarization curve using the high frequency intercept 
and current interrupt technique on the built-in frequency response analyzer in 
the test stands.  It is expected that the ohmic loss plotted vs current density in 
a PEMFC is typically a straight line, however, this is not the case in the 
AEMFC, as increased membrane hydration can decrease the hydroxide 
transfer resistance within the membrane, causing a slight decrease in the 
slope of the overpotential as the current increases (Figure 3.7B).  The 
resulting calculated iR-free voltage only has the kinetic and mass transfer 
overpotentials, the sum of which can be calculated by subtraction of the iR-
free voltage from the reversible cell potential, which is calculated from the 
thermodynamic components of the reactions.  At cell voltages of greater than 
0.85 V and operating currents of less than 100 mA cm-2 it can be assumed 
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that mass transfer limitations are not a factor [111], and utilizing this 
assumption Tafel analysis is performed on the “kinetic region” calculated 
overpotential: 
   𝜂𝜂kinetic ∝ 𝑚𝑚 log 𝑖𝑖 + 𝑏𝑏         (3.3) 
where the previous assumptions are validated by the fit, as mass transfer 
limitation would cause a change in the slope of the Tafel analysis.  The 
resulting fit is then used to extrapolate the kinetic overpotentials through the 
entire curve.  The final component of the deconvolution, the mass transfer 
overpotential, is then calculated by subtracting the kinetic and ohmic 
overpotentials from the reversible cell potential. 
3.2.4.  Anode ECSA Measurement through Carbon Monoxide Stripping 
Determining the electrochemically active surface area (ECSA) of 
platinum-based fuel cell electrode layers via cyclic voltammetry (CV) is an 
important diagnostic test for PEMFCs to determine electrode layer catalytic 
activity.  However, the well-defined platinum features that allow easy 
quantification for PEMFC do not always show up in a corresponding test for 
alkaline exchange membrane fuel cells (AEMFC).  Instead, carbon monoxide 
(CO) is first electrochemically adsorbed to the catalyst active sites, and then 
stripped away via CV.  The resulting current allows facile quantification of 
the ECSA for AEMFC that is otherwise not available. 
The ECSA was determined by passing pure CO gas at 0.2 L min-1 over 
the anode electrode, where the cell was held at a potential of 0.2 V vs 
hydrogen at the cathode electrode for 10 minutes to ensure complete 
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adsorption of CO at all active sites.  Following the CO adsorption, nitrogen 
was purged for 30 minutes to remove excess CO, then a CV was run between 
0.07 and 1.2V for three cycles, where CO was stripped from all 
electrochemically active platinum sites during the first cycle.  The areal 
difference between the first and second cycle (in Watts) is then used to 
calculate the ECSA of the tested electrode. 
A representative in situ CO stripping voltammogram for a IC anode 
(ETFE-BTMA AEM) is shown in Figure 3.8, and the quantitative results for 
the ECSAs of both the IC and r-IC are given in Table 3.4.  The measured 
ECSAs (normalized by mass) of the two electrodes are very similar, showing 
that catalyst utilization is essentially identical.  At first glance, the kinetic 
portion of the deconvoluted polarization data in Figure 3.7C seem to show 
kinetic effects that influence performance.  However, normalizing the kinetic 
overpotential by the catalyst mass (Figure 3.7D) leads to a near-perfect 
overlay of the IC and r-IC curves, showing that these differences are largely 
explained by loading and that the kinetic behavior of the catalysts in these 
AEMFCs are essentially identical.  This is also supported by comparing the 
current density at 0.9 V, an overpotential predominantly under kinetic 
control, where the magnitude of the kinetic current for the two cases are 
separated by a mere 2 mA cm-2.  The combination of the polarization and 
neutron imaging data shows that accumulation of anode water limits the 
performance of state-of-the-art AEMFCs, and that lower water capacity 
electrodes tended to have lower limiting currents. 
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Figure 3.8.  A representative CO stripping cyclic voltammogram used to 
determine the anode catalyst layer ECSA.  First scan shown in red (with CO 
adsorbed); second scan (with CO removed) shown in blue. 
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3.2.5. Tuning the Anode AEI:C:Pt Balance to Maximize Performance and Stability 
Combining the observations from the neutron imaging experiments, 
the polarization deconvolution, and the ECSA testing, the goal was to modify 
the electrode to increase the water capacity of the anode while maintaining 
cell hydration through further manipulation of the AEI:C:Pt ratio in the anode 
catalyst layer.  Electrodes were fabricated with the same catalyst loading as 
r-IC while doubling the loadings of both the carbon and the AEI (denoted as 
r-DC for double carbon).  The result was that compared to r-IC, r-DC anodes 
saw an increase in the achievable current density of 35 % (from 1.94 A cm-2 
to 2.64 A cm-2) and peak power of 15 % (783 mW cm-2 to 904 mW cm-2).  
Interestingly, from Figure 3.7A up to a current density of ca. 1.2 A cm-2, the 
mass transport overpotential for r-DC and r-IC overlay; a separation was only 
observed at higher current densities.  Since the ECSA (catalyst utilization) 
for these two anodes are essentially identical, this separation is best explained 
by the pore volume inside the catalyst layer.  Thus, i) the C:Pt mass ratio is 
important because it sets a certain “thickness” for the removal/retention of 
water; and ii) the AEI:C ratio is important as it effects the ionic conductivity 
(Table 3.4) and mobility of reactant water in the catalyst layer.  In the case of 
high current operation, the excess water must be removed (to the cathode 
through the AEM as well as through the GDL into the anode exhaust), but 
under low current operation the water must be retained to avoid AEM dryout.  
Therefore, thinning of the catalyst layer is not advised, although this can 
create additional challenges when targeting low loaded electrodes.  These 
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findings, widely applicable to the AEMFC community, will immediately help 
researchers and companies in the field to design improved cells and systems. 
However, it is certainly possible to add too much additional volume to 
the anode catalyst layer.  One such case study given below shows that kinetic 
losses due to the wide distribution of catalyst away from the AEM can 
become larger than the mass transport gains realized with the added porosity.  
This was observed when even more carbon was added to the anode (denoted 
EC for excess carbon), with a AEI:C:Pt ratio of 1.25:3.5:1.  This anode, with 
a resulting power density of only 1.1 W cm-2, demonstrates that not 
surprisingly you can add too much carbon and dilute the catalyst to detriment.  
It should also be noted that the lower open circuit potential of 0.9 V also 
suggests kinetic limitations as the primary limiting factor in the higher 
carbon.  In this cell the total ionomer percentage was limited to 20 wt%, 
despite the effect this has on the AEI:C ratio, in order to prevent an even 
larger change to the C:Pt ratio, and completely drown out the platinum in the 
catalyst layer.  A comparison of all full loading anodes is given in Table 3.5 
and the polarization of the EC anode is given in Figure 3.9. 
Therefore, an optimal C-content exists yielding high catalyst activity 
but with maximized ionic transport and gas phase accessibility.  To find this 
optimum, the amounts of carbon and AEI in the catalyst layer were reduced 
slightly relative to r-DC while maintaining the AEI:C ratio and the catalyst 
loading was returned to the same levels as SC and IC.  This case (denoted as 
BC for balanced ionomer and carbon), had an optimized AEI:C:Pt ratio close  
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Figure 3.9.  i-V and i-Power curves (10 mV⋅s-1 forward scans) for the EC 
anode.  A radiation grafted ETFE membrane with a BTMA headgroup was 
used with a cell temperature of 60 ° and a flow rate of 1.0 L⋅min-1 for H2 and 
O2 at the anode and cathode, respectively.  The gas feed dew points were 
optimized at 52 °C / 52 °C for the anode/cathode.  Further cell and electrode 
details given in Table 3.5. 
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Table 3.5.  Catalyst, carbon, and AEI loadings of all full loading PtRu anodes. 
Anode Type: SC IC BC EC 
PtRu Loading, mg cm-2 0.67 0.71 0.71 0.75 
Carbon Loading, mg cm-2 0.45 0.71 1.07 1.76 
Carbon weight % 32.0 % 41.4 % *48.0 % 56.0 % 
AEI weight % 20.0 % 17.2 % *20.0 % *20.0 % 
AEI:C ratio 0.625 *0.417 *0.417 0.357 
AEI:C:Pt ratio 0.625 : 1.0 : 1 0.625 : 1.5 : 1 0.94 : 2.5 : 1 1.25 : 3.5 : 1 
* optimized value 
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to 1.0:2.5:1.0 (actual measured value was 0.94:2.5:1.0) and was thicker 
(compared to the SC, IC, r-IC, and r-DC) to facilitate increased water 
capacity/tolerance.  These optimizations resulted in new AEMFC records for 
achievable mass transport current limit (5 A cm-2), current density at peak 
power (4 A cm-2), and peak power density (1.9 W cm-2), which are shown in 
Figure 3.3.  Importantly, this high-performance BC anode design is 
significantly less sensitive to changes in the gas feed dew points than the 
earlier configurations.  Now, a 2 °C bilateral increase only results in a 
minimal 50 mW cm-2 reduction in peak power (Figure 3.10) – not 
catastrophic flooding – and a 5 °C increase in the anode dew point only 
sacrifices 75 mW cm-2.  This is a significant and important improvement for 
the water tolerance and steady operation of AEMFCs. 
A stability test was performed with a cell with assembled with an IC 
anode with a PtRu loading of 0.75 mg cm-2 and cathode with a platinum 
loading of 0.53 mg cm-2.  The cell was broken in and tested with polarization 
curves, voltage holds and current holds for 8 hours, at which point dew points 
were optimized at 52 °C / 52 °C (anode/cathode) and stable performance was 
achieved.  A constant current of 600 mA cm-2 was drawn from the cell for 
200 hours, after which the current was changed to 550 mA cm-2 for 10 hours 
and back to 600 mA cm-2 for 10 hours to assess stability and recoverability 
under changing current conditions.  After the current change the load, 
temperature, fuel, and oxidant gases were removed to simulate a hard shut 
down and cold start.  Nitrogen replaced the H2 and O2 and the cell was  
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Figure 3.10.  A) i-V and B) i-Power curves (10 mV s-1 forward scans) at 
increasing gas feed dew points for AEMFCs fabricated with the BC anode 
(details given in Table 3.3).  The anode/cathode dew points for each test were: 
BC - Optimal (45 °C / 46 °C), BC + 1 °C (46 °C / 47 °C), BC + 2 °C (47 °C / 
48 °C), BC + 5 °C (50 °C / 50 °C). 
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allowed to naturally cool for 8 hours.  Following the shut down the cell was 
brought up to the previous optimized temperature, H2 and O2 were applied, 
and the stability test was immediately resumed.  It can be observed that after 
the brief relaxation in current the cell resumed the previous state of operation 
at 0.6 V0.  However, after the cold shutdown the cell returned to operation 
near 0.95 V0 and followed the same gradual decline to stable operation near 
0.6 V0.  V0 in this cell is 0.625 V.  AEMFCs fabricated with a balanced 
AEI:C:Pt ratio at the anode were able to operate for > 400 h (Figure 3.11).  
During this time, the cell retained 60 % of its operating voltage (with only 
minor voltage decay over the last 300 h), with a recovery of performance 
after a simulated rapid shutdown. 
3.3.  Conclusion 
These gains were exclusively made by understanding and improving 
the water mass transport characteristics of the operating AEMFC.  The 
findings reported above have led to an AEMFC anode design that is so 
efficient, from a water management perspective, that mass transport is no 
longer the dominating loss in the cell; it is the Ohmic resistance that is now 
limiting the cell performance (Figure 3.7A and 3.7B).  Therefore, with the 
very high ionic conductivity of the AEM and high activity of the catalysts, 
the results with the BC anode are likely approaching the maximum that is 
possible with AEMFCs (without the development of much thinner, robust 
AEMs that exhibit enhanced water back diffusion characteristics).  The  
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Figure 3.11.  400 h AEMFC stability test at 600 mA cm-2 (with an 8 h cold shut 
down).  The optimized anode/cathode dew points for the stability test were 
52 °C /52 °C.  For all experiments, the ETFE-BTMA membrane and AEI were 
used; the cell temperature was fixed at 60 °C; H2 and O2 were fed at flow rates 
of 1.0 L min-1 to the anode and cathode, respectively. 
  
119 
 
results of this also work show that AEMFCs can be performance-competitive 
with PEMFCs and have a promising future; expedited research is required 
working towards increased performance stability, application of non-PGM 
catalysts, lower-cost supporting components, and stack design and scaleup. 
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CHAPTER 4:  
 
Strategies for Reducing the PGM Loading in High Power 
AEMFC Anodes 
In this work the influence of anode catalyst layer thickness and catalyst 
distribution in lower loading electrodes is investigated, with the goal of decreasing 
PGM loading without sacrificing performance.  Several approaches are tried, 
including thinner catalyst layers, diluting the catalyst in the active layer as well as 
introducing multi-layered electrodes with a microporous layer (in various thickness 
ratios).  The resulting catalyst layers are analyzed through their achievable current, 
peak power density, electrochemical surface area, hydroxide transport resistance, 
as well as kinetic and mass transport reaction overpotentials.  Finally, performance 
and stability of the catalyst layers with decreased platinum group metal (PGM) 
loading will be shown, demonstrating an anode electrode, that when paired with a 
PGM free anode, that can meet DOE targets for loading and performance.  This 
work presented in this chapter has been simultaneously submitted to ECS 
Transactions and the Journal of the Electrochemical Society. 
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4.1.  Experimental 
4.1.1.  Ethylene Tetrafluoroethylene (ETFE-BTMA) Membrane Synthesis 
The membrane used in this study was a quaternary ammonium 
functionalized ETFE polymer, prepared from commercial 25 μm ETFE sheets 
(Nowofol Kunststoffprodukte GmbH, Germany) using a peroxidation (pre-
irradiation in air) method that has been previously reported [5].  The ETFE films 
were first subjected to a 30 kGy dose of electron-beam irradiation in air (4.5 MeV 
Dynamatron Continuous Electron Beam Unit at Synergy Health, South Marston, 
UK).  With the irradiation step occurring in the presence of oxygen, peroxides and 
hydroperoxide groups are immediately created from the reaction of radicals 
(formed during irradiation) with O2.  The peroxidated ETFE films act as a solid-
state free-radical initiator for the subsequent grafting step.  After irradiation, the 
films were transported back to the laboratory in dry ice before they were stored in 
a freezer at −40°C (the peroxide groups are stable for around 6 months at this 
temperature [95]). 
Next, the peroxide initiated ETFE films (ca. 15 cm × 15 cm) were immersed 
in an aqueous dispersion of VBC (vinylbenzyl chloride, 5 vol% mixture of 3- and 
4-isomers; 500 – 100 ppm tert-4-butylcatechol and 700 – 1100 ppm nitromethane 
inhibitors, Sigma-Aldrich and used without the removal of inhibitors) in sealed 
vessels along with the addition of a dispersant (1 vol% 1-octyl-2-pyrrolidone, 
Sigma-Aldrich).  The solutions were purged with N2 for 2 h before the vessel was 
sealed and heated at 70 °C.  After the reaction period, the films were removed from 
the grafting mixture and excess unreacted VBC and any poly(VBC) homopolymer 
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(not bound to the ETFE base material) were removed by washing the films in 
toluene (reagent grade, Fisher Scientific).  The resulting intermediate ETFE-g-
poly(VBC) films were subsequently dried at 70 °C for 5 h in a vacuum oven to 
remove all traces of solvent. 
To quaternize, the intermediate films were then submerged in an aqueous 
trimethylamine solution (TMA, 45 wt%, Sigma-Aldrich) for 24 h at ambient 
temperature.  Afterwards, the films were washed with, and then heated in, 18.2 MΩ 
deionized (DI) water in order to remove any excess TMA.  Final conversion to 
chloride-anion-form ETFE-g-poly(vinylbenzyl trimethylammonium) (ETFE-
BTMA) anion exchange membranes (AEMs) was performed by submersion of the 
membranes in aqueous NaCl (1 M) for 15 h (with a change of NaCl solution during 
this period to ensure complete ion-exchange).  The resulting AEMs were then 
thoroughly soaked and rinsed in water to remove any excess NaCl-derived co- and 
counter-ions.  The final AEM(Cl-) films were stored in DI water until used in the 
fuel cell experiments described below. 
4.1.2.  Anion-Exchange Ionomer (AEI) Powder Synthesis 
The synthesis of the powdered AEI is summarized here and has been 
previously reported in detail [18].  ETFE powder (Z8820X, AGC Chemicals 
Europe) with a particle size of approximately 25 μm was dosed with 70 kGy 
electron-beam radiation in air.  The resulting powder was then grafted with VBC 
by submersion in a solution containing VBC, 2-propanol (reagent grade, Sigma-
Aldrich), and Surfadone LP-100 (ISPcorp) in a volume ratio of 1.00:3.95:0.05.  The 
mixture was purged with N2 for 2 h, and then sealed and heated for 72 h at 60 °C.  
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The resulting grafted powder was recovered by filtration, washed with toluene 
(reagent grade, Fisher Scientific), and dried at 50 °C under vacuum, resulting in 
ETFE-g-poly(VBC) grafted powders.  The powder was then functionalized with 
quaternary ammonium stationary cations by submersion in an aqueous TMA 
solution (50 wt% TMA in water, Acros Organics) for 5 h at ambient temperature.  
The quaternized powder was washed 5 times with DI water, and then heated at 
50 °C for 18 h in DI water.  After additional washing steps (5 more times with DI 
water), the powder was dried under vacuum for 5 d at 40 °C.  The final AEI powder 
had an IEC of 1.24 ± 0.06 mmol g-1. 
4.1.3.  Electrode Composition and Structure 
Three different types of anode catalyst layers (CL) were fabricated in this 
work: 1) a single layer electrode with a “balanced” AEI:carbon:PtRu mass ratio 
[21] of 1.0:2.5:1.5; two anodes of this type were made.  The first possessed a PtRu 
catalyst loading and thickness typical of top performing AEMFCs in the literature, 
0.72 mgPtRu cm-2 (denoted as “BC”).  The second anode of this type had 
approximately half of the PtRu catalyst loading (0.40 mg cm-2) and thickness 
(denoted as “½ BC”); 2) a single layer electrode with a “diluted” CL that was 
designed to have the same loading as ½ BC, but the same thickness as BC.  This 
was accomplished by adding Vulcan XC-72R (Cabot) to the ink in order to achieve 
an AEI:C:PtRu ratio of 1.0:2.5:0.75.  Only one anode of this type was made; it is 
denoted as “½ D”; and 3) multilayered electrodes consisting of a catalyst layer (in 
contact with the membrane) and a microporous layer (MPL).  The MPL was located 
between the catalyst layer and the gas diffusion layer (GDL).  The MPL was 
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comprised of AEI and Vulcan carbon in the following mass ratio, 0.417:1.0.  Three 
of anodes of this type were made.  All of them were designed to have the same 
approximate thickness as the BC and ½ D anodes.  The difference between them 
was the ratio of the catalyst layer thickness and the MPL thickness.  The first anode 
of this type had a catalyst layer that was the same as the ½ BC anode; hence the 
MPL thickness was approximately the same as CL thickness and this case will be 
denoted “1:1 CL/MPL”.  The second anode of this type also had an electrode with 
the same composition as BC, but was only ¼ of the loading; hence the MPL 
thickness was approximately three times the CL thickness and is denoted as 
“1:3 CL/MPL” in the discussion below.  The third and final anode of this type again 
had an electrode with the same composition as BC, but only possessed ⅛ the 
loading; hence the MPL thickness was approximately seven times the CL thickness 
and is denoted as “1:7 CL/MPL”. 
Therefore, six distinct anode electrode compositions were produced.  At 
least 3 anodes of each composition were tested, and representative data is reported 
in each case.  For clarity, illustrations of each of the six electrodes are shown in 
Figure 4.1, and the catalyst loadings for each data set are given in the Table 4.1.  
For all experiments, the cathode was essentially identical.  The cathode Pt loading 
was 0.52 mg cm-2 ± 0.01 mg cm-2, with an AEI:C:Pt of 0.625:1.5:1.0. 
4.1.4.  Electrode Preparation 
The procedure to prepare the CL was always the same, regardless of the 
composition.  An example of preparing a BC film follows.  First, the AEI powder 
was ground with a mortar and pestle for 10 min to reduce the number of aggregated 
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Figure 4.1.  Diagram of the electrode layer designs used in this study:  A) Standard 
(BC); B) ½ thick BC (½ BC, reduced loading, standard AEI:C:Pt ratio, reduced 
thickness) C) ½ Diluted (½ D, reduced loading, reduced AEI:C:Pt ratio, standard 
thickness); and Multilayer electrode (reduced loading, standard AEI:C:Pt ratio, 
thickness supplemented with MPL) in D) 1:1 CL/MPL, E) 1:3 CL/MPL, and F) 1:7 
CL/MPL ratios. 
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Table 4.1.  Loadings and Dew Points of all cells tested in the chapter. 
Anode Type: BC ½ BC ½ D 
1:1 
CL/MPL 
1:3 
CL/MPL 
1:7 
CL/MPL 
Anode PtRu Loading, mg cm-2 0.72 0.40 0.40 0.40 0.19 0.11 
Cathode Pt Loading, mg cm-2 0.53 0.53 0.53 0.53 0.52 0.52 
MPL, fraction of electrode - - - ½ ¾ ⅞ 
Thickness, relative to BC 1 ½ 1 1 1 1 
Optimized Dew Points, °C 47/48 53/53 50/51 46/47 50/50 52/53 
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particles.  Second, 100 – 150 mg of 60 wt% PtRu (2:1 ratio of Pt:Ru by mass) on 
Vulcan carbon (Alfa Aesar HiSPEC 10000, Pt nominally 40 wt%, and Ru, 
nominally 20 wt%, supported on Vulcan XC-72R carbon) catalyst was added to the 
AEI along with 1 mL DI water and additional Vulcan carbon to achieve the desired 
AEI:C:PtRu ratio.  The catalyst-AEI mixture was then ground with a mortar and 
pestle for 10 min, a length of time that was selected because it invariably produced 
a visually and texturally homogenous slurry, suggesting that no large AEI 
agglomerates remained.  Then, 2 mL of 2-propanol (Fisher Chemical Optima) was 
added to the mortar and ground for a further 5 min, after which the catalyst slurry 
was completely transferred to a LDPE vial, and combined with an additional 7 mL 
of 2-propanol to produce a low viscosity ink.  Each ink was homogenized in an ice-
chilled ultrasonic bath (Fisher Scientific FS30H) for 60 min, maintained between 
5 °C and 10 °C.  The resulting inks were spray deposited on a 25 cm2 piece of Toray 
TGP-H-060 GDL (with 5 wt% PTFE wetproofing) to fabricate gas diffusion 
electrodes (GDEs), using an Iwata Eclipse HP-CS with 15 psig N2 (Airgas Ultra 
High Purity).  5 cm2 GDEs were then cut from the larger sprayed electrode for use 
in the cell hardware. 
MPL inks were created using the same method described above, simply 
without the catalyst.  The AEI:C mass ratio in the MPL ink was 0.417:1.0.  The 
MPL film was also sprayed using an Iwata Eclipse HP-CS with 15 psig N2 (Airgas 
Ultra High Purity).  In the case where the electrode had a MPL, the MPL was 
applied to the GDL first and allowed to dry.  This was followed by deposition of 
the CL using the process described above. 
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4.1.5.  MEA assembly and Anion Exchange Membrane Fuel Cell (AEMFC) Testing 
First, the GDEs and the AEM were ion exchanged from the Cl- form to the 
OH- form by immersion in separate baths of aqueous KOH (1 M, Fisher Chemical, 
pellets/certified ACS) for 60 minutes, with a solution exchange every 20 minutes 
to ensure complete ion-exchange.  It should be noted that during the ion-exchange 
process nearly no particles were removed from the GDEs, verifying successful 
adhesion of the CL and MPL films to the GDL.  Prior to assembly, excess aqueous 
KOH and water were removed from the membrane and GDEs, immediately after 
which the set of GDEs and AEM were pressed together between two single pass 
serpentine graphite plates in 5 cm2 Fuel Cell Technologies hardware with no prior 
hot pressing of the membrane electrode assembly (MEA).  The MEA was sealed 
and compressed with 6 mil (152 µm) PTFE gaskets with 20 % - 25 % pinch at 
5.1 N∙m torque. 
Humidified H2 and O2 gas feeds were supplied to the anode and cathode, 
respectively, at 1.0 L min-1 from a Scribner 850e Fuel Cell Test Station, which was 
used for all testing.  The gas feeds were provided without back pressure (ca. 1 atm 
absolute).  In each experiment, the dew points of the anode and cathode reacting 
gases were optimized.  The optimized dew points will be reported in an 
Anode/Cathode format.  For example, noting dew points of 56/58 would correspond 
to an anode dew point of 56 °C and a cathode dew point of 58 °C.  A cell 
temperature of 60 °C ± 0.5 °C was used for all experiments and the heated gas lines 
following the Scribner 850e Fuel Cell Test Station were held at 5 °C above the 
respective gas dew points to avoid any condensation in the lines. 
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All of the polarization curves shown were collected under potentiometric 
control at a scan rate of 10 mV s-1.  Linear sweeps – in lieu of point-by-point 
collection – were used in order to better tease out flooding issues under water 
starved and flooded conditions.  When water management issues are well 
controlled, there is no significant difference between point by point and linear 
sweep polarization curves, which was shown in previous work for multiple high 
performing cells [19,21].  Additionally, tests were repeated after multiple hours and 
varying the testing conditions to ensure stability, recoverability, and repeatability. 
4.1.6.  Measuring the Electrochemically Active Surface Area of the PtRu Electrodes 
CO stripping was used to measure the electrochemical surface area (ECSA) 
of all of the electrodes discussed in Section 4.1.3 after they were loaded into the 
AEMFC hardware.  In this technique, humidified pure CO gas is fed to the PtRu/C 
working electrode and H2 gas is fed to the Pt/C counter electrode.  CO adsorbs as a 
full monolayer on the electrode surface at low potential.  The gas at the PtRu/C 
electrode is switched to N2 in order to flush out any excess gas-phase CO.  Then, 
the electrode is potential is swept positive to oxidize the CO to CO2.  The area under 
the curve in the resulting voltammogram can be directly linked to the quantity of 
CO, and hence the area that CO previously occupied on the surface. 
Here, 0.2 L min-1 CO was passed over the PtRu working electrode for 
10 minutes while and 0.2 L min-1 H2 was continuously passed over the Pt/C counter 
electrode.  During the flow of CO, the PtRu/C electrode potential was held at a 
potential of 0.2 V vs the counter electrode in order to ensure that none of the surface 
CO was oxidized, allowing for complete adsorption of CO at all active sites.  
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Following the CO adsorption, the N2 was purged for 30 minutes, and cyclic 
voltammograms were collected between 0.07 and 1.2V for three cycles at 20 mV/s.  
CO was fully stripped from all electrochemically active platinum sites during the 
first cycle.  The areal difference between the first and second cycle (in Watts) is 
then used to calculate the electrode ECSA. 
4.2.  Quantitative Analysis of AEMFC Polarization Curves 
As the electrode composition is varied, it is important to understand not only 
how these changes are manifest in the cell performance, but also in fundamentals: 
kinetics, Ohmic resistance and mass transport.  Though several methods have been 
proposed in the literature to deconvolute polarization curves into these constituents, 
one of the most straightforward methodologies to apply was published by Gasteiger 
et al. [111] in 2004.  Their approach was adapted for use in this work, which is 
briefly described below. 
If the polarization of an operating fuel cell is assumed to be a result of only 
kinetic, ohmic, and mass transfer phenomena, the operating cell voltage at any 
current can be represented by: 
  𝐸𝐸𝑐𝑐𝑓𝑓𝑐𝑐𝑐𝑐 = 𝐸𝐸𝑓𝑓𝑓𝑓𝑟𝑟 − 𝜂𝜂Ω − 𝜂𝜂k − 𝜂𝜂MT       (4.1) 
where Ecell is the operating cell voltage, Erev is the thermodynamic reversible cell 
potential (1.20 V under the conditions described in Section 4.1.5), and ηΩ, ηk, and 
ηMT represent the ohmic, kinetic, and mass transfer overpotentials, respectively.  
The first step to extracting each of the overpotentials in Equation 4.1 is to isolate 
the ohmic overpotential, which can be directly calculated at each point on the curve 
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from the product of the high frequency resistance (RHFR) – which is measured by a 
frequency response analyzer built into the Scribner fuel cell test stands – and the 
operating current (i), as shown in Equation 4.2: 
𝜂𝜂Ω = 𝑖𝑖𝑅𝑅HFR          (4.2) 
The next step is to extract the kinetic overpotential, which can be done at 
cell voltages greater than 0.85 V and operating currents less than 100 mA cm-2 
under the assumption that mass transfer limitations are negligible in that region 
[111].  Under these conditions, Equation 4.1 can be simplified and the resulting 
data fit by the Tafel equation as shown in Equation 4.3:  
  𝐸𝐸𝑓𝑓𝑓𝑓𝑟𝑟 − 𝐸𝐸𝑐𝑐𝑓𝑓𝑐𝑐𝑐𝑐 − 𝜂𝜂Ω =  𝜂𝜂k ∝ 𝑚𝑚 log 𝑖𝑖 + 𝑏𝑏      (4.3) 
where b is the Tafel slope.  The final step of the deconvolution is to calculate the 
mass transfer overpotential, which is done by subtracting the kinetic and ohmic 
overpotentials from the reversible cell potential at all current densities: 
  𝜂𝜂MT =  𝐸𝐸𝑓𝑓𝑓𝑓𝑟𝑟 − 𝜂𝜂Ω − 𝜂𝜂k        (4.4) 
It should be noted that in this method the cell polarization due to hydroxide 
transport resistance within the catalyst layer is included in the mass transfer 
overpotential.  It shows itself in the experimental data as the initial slope before the 
mass transport limiting current is approached.  Often the electrode hydroxide 
transfer overpotential would be considered a component of the ohmic overpotential; 
however, explicitly accounting for it requires an AC impedance frequency sweep 
to measure, a technique that is not practical during a dynamic polarization 
experiment. 
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4.3.  Results and Discussion 
4.3.1.  Reducing the Anode Catalyst Loading and Electrode Thickness  
An AEMFC was assembled with a state-of-the-art BC anode [21], Figure 
4.1A, in order to provide a fair comparison for the lower loading catalyst layers 
since it is not only the highest performing AEMFC anode in the literature to date, 
it also has similar catalyst loadings to other literature reports.  Therefore, advances 
that are made in this study are expected to be broadly applicable to the AEMFC 
community.  Unsurprisingly, the AEMFC with the BC anode performed well 
(Figure 4.2A).  It was able to support a mass transport limited current density of 
4 A cm-2 and a peak power density of 1.6 W cm-2, on par with the group’s previous 
publication with this anode [21].  Deconvoluting its the polarization curve, it was 
observed that the kinetic overpotential was always below 0.4 V (Figure 4.2B).  This 
overpotential is within a reasonable range for fuel cell electrodes containing high 
activity catalysts with good utilization.  The ohmic overpotential (Figure 4.2C) 
shows the expected behavior of AEMFCs, with a slight decreasing slope with 
increasing current.  This change in the slope is caused by increased ionic 
conductivity in the membrane, which is facilitated by increased water uptake as the 
anode water production increases with increasing current from the hydrogen 
oxidation reaction (Equation 4.5). 
  𝐻𝐻2 + 2𝑂𝑂𝐻𝐻− → 2𝐻𝐻2𝑂𝑂 + 2𝑐𝑐−        (4.5) 
Finally, the mass transport overpotential gradually increased with the 
current density until the cell passed 3 A cm-2, indicating a low hydroxide transfer 
resistance in the catalyst layer, and successful water management – both of which  
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Figure 4.2.  A) i-V and i-P curves for the Standard BC anode, 1:1 CL/MPL, Diluted 
(½ D), and ½ Thick (½ BC), electrode and cell details provided in Table 4.1; 
Overpotentials for the i-V curves are deconvoluted into their B) mass transfer (MT), 
C) ohmic (HFR-free), and D) kinetic contributions. 
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allow the cell to achieve higher currents and, in turn, higher power densities.  After 
3 A cm-2, the mass transport overpotential became the dominating contributor to 
cell polarization, as well as the achievable current and peak power.  The goal of this 
study was to drastically lower the catalyst loading, while retaining current and 
power densities as close to state-of-the-art BC as possible. 
The first attempt to lower the PGM catalyst loading was the ½ BC anode, 
fabricated with an identical CL composition as the BC electrode, at approximately 
half the loading and thickness (Figure 4.1B).  It would be expected that this method 
would greatly sacrifice the water capacity of the catalyst layer, making the cell more 
sensitive water and more susceptible to flooding.  Looking at the i-V and i-P curves 
for the ½ BC electrode in Figure 4.2A, it is clear that reducing the catalyst layer 
thickness has a negative effect on both the achievable current density (now < 
2 A cm-2 – less than half the value of the BC anode) and peak power density (only 
0.8 W cm-2 – also half the value of the BC anode). 
The deconvolution of the ½ BC anode polarization curve showed near 
identical ohmic overpotentials (Figure 4.2C), and a slight increase in the kinetic 
overpotential (Figure 4.3B) compared to the BC anode.  The most notable change 
when comparing the ½ BC and BC anodes is the significant increase in the mass 
transfer overpotential (Figure 4.3D) over the entire current range.  At higher 
currents, the increased mass transport resistance is not too surprising since the 
decreased water capacity of the anode would make it more susceptible to flooding.  
However, it was somewhat surprising that the mass transport resistance low current 
densities, which shows the resistance to ionic movement in the catalyst layers as  
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Figure 4.3.  (A) i-V and i-P curves for all MPL based reduced anode loading cells 
compared with the full catalyst layer; (electrode and cell details in Table 4.1); 
Overpotentials for the i-V curves are deconvoluted into their (B) mass transfer 
(MT), (C) ohmic, and (D) kinetic contributions. 
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discussed briefly in Section 4.2, also increased.  This suggests that hydroxide 
transport at the cathode in the ½ BC cell is suffering.  In short, the same reduced 
water capacity of the ½ BC anode compared to the BC anode that is responsible for 
premature flooding also can limit the amount of water that is absorbed by the 
membrane and hence the amount of water that is supplied to the cathode.  
Experimental support for reduced membrane water and reduced water transport to 
the cathode are higher membrane resistance for ½ BC compared to BC (Figure 
4.2C) as well as the higher dew points that were needed to optimize the cell 
performance (Table 4.1).  In summary, comparing the BC and ½ BC anode suggests 
that simply decreasing the CL thickness might not be the most productive way to 
decrease the catalyst loading.  Therefore, pathways to decrease loading while 
maintaining the catalyst layer thickness were explored. 
4.3.2.  Reducing the Catalyst Loading while Maintaining the Electrode Thickness 
The first approach to reduce the catalyst loading while maintaining the 
electrode thickness was to add excess Vulcan carbon to the catalyst formulation 
while maintaining the AEI:C ratio, essentially diluting the catalyst layer.  The 
resulting ½ D electrode had the same the carbon and ionomer loading, and similar 
thickness, as the BC anode, while the PGM catalyst loading was approximately half 
(Figure 4.1C). 
From the i-V and i-P curves (Figure 4.2A), it can be seen that maintaining 
the anode thickness at the reduced catalyst loading (½ D) was more effective than 
simply applying a thinner layer (½ BC).  The ½ D anode was able to sustain a 
current density 50 % higher than the ½ BC anode, approaching 3 A cm-2.  The ½ D 
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anode also generated a slightly higher peak power density of 1 W cm-2, though the 
cell still appeared to be significantly mass transport limited (Figure 4.2D). 
Another approach to decreasing the catalyst loading while maintaining the 
total electrode thickness is to create a multi-layered electrode, which is common in 
low-loading PEMFCs.  Creation of these multi-layered electrodes consists of a CL 
and a catalyst free MPL, comprised of the ionomer and carbon.  The CL is placed 
against the membrane and the MPL is deposited on the GDL.  In this way, the 
reaction zone is still close the membrane in order to minimize any kinetic or CL ion 
transport losses.  The MPL acts as a water buffer – providing a place for the 
produced water to be absorbed before it is removed by the flow in the GDL.  Three 
such anodes were produced in this study, which are illustrated in Figures 4.1D-F 
and their composition shown in Table 4.1. 
For the 1:1 CL/MPL, the CL was the same as the ½ BC anode.  Now, a 
microporous layer of near equal thickness has been added in order to improve the 
water capacity and tolerance of the overall electrode.  The performance of the 
1:1 CL/MPL anode is plotted in Figure 4.2A, where it is shown to nearly match the 
polarization of the BC anode.  Interestingly, the 1:1 CL/MPL electrode 
demonstrated a limiting current essentially the same as the BC electrode near 
4 A cm-2, and impressively achieved a peak power density of 1.4 W cm-2 (as 
compared to 1.6 W cm-2 with BC) despite containing only 55 % of the PGM 
loading at the anode.  To further analyze the 1:1 CL/MPL compared to the BC 
anode, the polarization curve was deconvoluted (Figures 4.2B-D), which shows 
that the difference between the 1:1 CL/MPL and BC anodes are minimal in all three 
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overpotentials, indicating an efficient utilization of the reduced catalyst content 
while maintaining the water management properties demonstrated by the BC 
electrode.  The data from the 4 anode electrodes discussed this far (½ BC, ½ D, 
1:1 CL/MPL, and BC) solidify the assertions that maintaining the catalyst layer 
thickness and the AEI:C:PGM ratio in the active CL are essential when altering the 
anode loading, and show the 1:1 CL/MPL method is an electrode design able to 
achieve these properties. 
4.3.3.  Further Reducing the Catalyst Loading by Manipulating the CL:MPL Ratio 
The near identical performance of the BC anode and 1:1 CL/MPL anode 
suggests that the catalyst present in the outer half of the BC electrode is not essential 
– particularly at high rates.  Therefore, one possible area of interest for study is to 
determine how much of the CL can be removed and how decreasing the CL 
thickness (while maintaining the total electrode thickness through the addition of 
the MPL) impacts AEMFC fundamental behavior and performance.  To address 
this, electrodes were fabricated with much thinner catalyst layers, where the 
approximate CL:MPL thickness ratio was 1:3 (1:3CL/MPL) and 1:7 (1:7CL/MPL). 
During AEMFC testing, the 1:3 CL/MPL anode is able to retain ca. 80 % 
of the achievable current (2.8 A cm-2) and peak power (1.2 W cm-2) of the BC 
anode, despite a 75 % reduction in PGM loading on the anode (Figure 4.3A).  This 
lends support to the idea that the majority of the active catalyst at high rates is 
located close to the membrane, and that the necessary thickness and carbon content 
of the electrode tied to the handling of water.  When the 1:3 CL/MPL polarization 
curve is deconvoluted, it can be seen that the kinetic and ohmic overpotentials 
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(Figures 4.3C & D) are nearly identical to the BC and 1:1 CL/MPL anodes, with 
the MT overpotential showing two changes.  First, there was an increase in the 
initial MT overpotential slope, again indicative of the hydroxide transfer resistance.  
Second, the mass transfer limiting current is reduced, a result that is not surprising 
as the reactive volume of the electrode is thinner and closer to the membrane.  The 
membrane is responsible for removing a large portion of the anode water through 
water uptake and back diffusion.  However, as the anode thins, the rate of water 
uptake is constant.  Therefore, the excess water both accumulates in the CL and 
spills over into the MPL.  When the catalyst layer is thinned, the MPL may also not 
be able to accept water quickly enough, resulting in increased flooding in the anode, 
and lower performance.  It also is worth noting here that the MPL is likely slightly 
more hydrophobic than the CL since it contains only carbon and ETFE powder – 
both intrinsically hydrophobic. 
With the above discussion in mind, it is then not too surprising that further 
reducing the catalyst layer thickness in the 1:7 CL/MPL anode led to even lower 
achievable current and peak power (Figure 4.3A).  On the positive side, these losses 
are not linear and despite containing only 15 % of the PGM catalyst of the BC 
anode, the 1:7 CL/MPL anode was able to achieve over 50 % of the current density 
(2.2 A cm-2), and 60 % of the peak power density (0.9 W cm-2).  What this means 
is that there is a systematic gain in the mass activity of the catalyst in the CL with 
decreasing CL:MPL ratio.  This is shown in Table 4.2 and Figure 4.4 – where the 
mass specific power achievable by the anode is increased from 2 W/mgPGM in the 
BC anode to 9 W/mgPGM in the 1:7 CL/MPL anode.  It should also be noted that the 
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1:7 CL/MPL had a PGM loading of only 0.11 mg cm-2.  These results show that, if 
paired with an appropriate PGM-free cathode, the anode reported here is more than 
capable of meeting at least some of the US DOE Office of Energy Efficiency & 
Renewable Energy technical targets for polymer electrolyte membrane fuel cells 
[112], most notably achieving a power density of 600 mW cm-2 with a total cell 
PGM loading of 0.125 mg cm-2.  Reaching this target is very attainable, given the 
significant activity that currently surrounds non-PGM cathode catalysts in the 
literature.  In fact, researchers have published AEMFCs with platinum free and 
PGM free cathodes with significant performance, even surpassing 1 W cm-2 
[72,78].  That makes this work a significant contribution to the AEMFC field, 
showing the promising future and viability of this relatively immature cell variant. 
Understanding the behavior of the 1:7 CL/MPL electrode CL water is important for 
the design of high performance, low PGM loading electrodes for AEMFCs.  As 
discussed above, if the MPL is unable to accept water fast enough – which does 
appear to be the case here, meaning that MPL design is a fruitful area for future 
work – due to its likely intrinsic hydrophobicity from the ETFE backbone, electrode 
flooding is a concern.  However, extending the reaction zone by employing a more 
diluted strategy in the thin catalyst layer portion of the electrode would be ill 
advised, as it was previously shown that the ½ D diluted electrode performed 
relatively poorly compared to the more catalyst dense films. 
In addition to the mass activity, another important practical variable that 
can aid with electrode design is the ECSA, which is valuable diagnostic in 
electrochemical system – typically used to understand how effectively the electrode 
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Table 4.2.  Mass specific ECSA, power density, and kinetically controlled current 
density, of anode electrodes tested in the chapter. 
Anode Type: BC ½ BC ½ D 1:1 
CL/MPL 
1:7 
CL/MPL 
ECSA, m2 g-1 51.5 46.5 48.3 25.7 30.4 
I @ 0.90 V, mA cm-2 77 50 48 70 59 
I @ 0.85 V, mA cm-2 265 154 157 240 190 
PGM Specific Power, W/mgPGM 2.1 1.9 2.5 3.3 9.0 
ROH-, mΩ cm2 49.4 54.9 47.0 48.2 43.9 
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Figure 4.4.  PGM mass specific power and areal power density of CL/MPL anode 
AEMFCs variations, (electrode and cell details in Table 4.1). 
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design has assembled the triple phase boundary where the catalyst is ionically, 
electronically and reactively available.  Measuring the ECSA of platinum-based 
fuel cell electrode layers in operating fuel cells via CO stripping is a well-
established technique that has been used for many years in PEMFCs, and has been 
extended to AEMFCs.  Figure 4.5 shows the first (orange) and second (blue) CVs 
for a typical CO-stripping experiment, of the BC anode, and the results are 
summarized in Table 4.2. 
Interestingly, the CL/MPL electrodes show approximately half the specific 
ECSA (m2 g-1) compared to the BC, ½ BC, and ½ D electrodes.  This really is 
unexpected since not only is the normalized cell performance higher, but it was 
shown above that the catalyst layer closest to the membrane is likely the most 
active.  Therefore, it would be expected that the specific ECSA of the CL/MPL 
anodes would be comparable or higher than the BC anode, and certainly be higher 
than the ½ D anode.  The expectation is strengthened by both the deconvoluted 
kinetic overpotential shown in Figure 4.3B, along with the measured current density 
at 0.9 V and 0.85 V (Table 4.2), a region of the polarization curve essentially under 
kinetic control [111]. It is hypothesized that this result is the result of the 
hydrophobicity of the MPL film.  The effect of this hydrophobic layer is to reject 
water and prevent it the gas streams from over hydrating the catalyst layer during 
operation.  However, during the ECSA test, there is no liquid phase water being 
produced by the cell, and the rejection of gas phase water by the MPL does not 
allow the CL to be properly hydrated during the ECSA experiment.  Without proper 
hydration of the catalyst layer there would be areas of the electrode that contain less  
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Figure 4.5.  Representative ECSA CO stripping CV of AEMFC (assembled with 
BC anode, full results detailed in Table 4.2). 
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water and hence lower ionic conductivity and ECSA.  Therefore, the ECSA 
measured in the presence of this hydrophobic MPL is artificially low and likely 
does not represent the true ECSA during cell operation.  This suggests that a new 
method may need to be developed to measure the ECSA of these cells, and this will 
be investigated in future work. 
4.4.  Conclusions 
In this work, the PGM loading of AEMFC anodes was drastically reduced 
by replacing conventional single-layer electrodes with two-layered anode 
electrodes.  The two-layer electrodes had a thin catalyst layer in contact with the 
membrane and a microporous layer (containing only the solid AEI powder and 
carbon) in contact with the GDL.  Some compositions were able to achieve peak 
power densities as high as 1.4 W cm-2 – comparable to state-of-the-art AEMFCs 
with high loading.  However, most importantly, application of the MPL at the anode 
allowed the total PGM loading at that electrode to be reduced to 0.11 mg cm-2 while 
achieving a specific power of 9 W/mgPGM – a performance that exceeds DOE 
targets.   
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CHAPTER 5:  
 
Beyond 1.0 W cm-2 Performance Without Platinum –  
The Beginning of a New Era in AEMFCs 
The purpose of this work was to understand and developed a new, high 
performance AEMFC based on highly active Pd-based cathode and anode catalysts, 
combined with a radiation grafted anion exchange ionomer and membrane.  At the 
catalyst level, results of rotating disk electrode (RDE) studies resulted are presented 
to show the high ex-situ activity of the catalysts.  At the device level, the catalysts 
were incorporated into porous electrodes and AEMFCs, where the polarization 
curves were deconvoluted into their kinetic, mass transport and Ohmic constituents.  
The AEMFCs were operated at both 60 °C and 70 °C in order to understand how 
temperature affects their fundamental behavior in-situ.  The resulting AEMFC 
shows outstanding performance, reaching a peak power density of 1 W cm-2, twice 
the value of the best performance for Pt-free cells reported in the literature to date. 
The AEMFC also shows a low voltage degradation rate when operated 
continuously for more than 100 h at a constant 0.5 A cm-2, with a voltage 
degradation rate of only 2.5 mV h-1, which is excellent when compared to nearly 
all of the AEMFCs reported in the literature to date.  This combination of high 
performance and high stability in the absence of Pt-based catalysts represents a 
significant landmark in the progress of the AEMFC technology.  The work 
presented in this chapter was submitted to ACS Energy Letters. 
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5.1. Experimental 
5.1.1.  Synthesis of PdCu/C 
Cu(acac)2 and Pd(OAc)2 were used as the metal precursors.  Benzyl alcohol 
was used as the solvent.  Polyvinylpyrrolidone (PVP) and aniline were used as the 
capping reagent and reducing reagent, respectively.  In a typical synthesis: 400 mg 
of PVP was added into 25 mL of benzyl alcohol.  The mixture was rigorously 
sonicated until all of the PVP dissolved, after which 35 mg of Vulcan XC-72R was 
added to the liquid mixture, followed by a 10 min sonication until the formation of 
a homogenous suspension.  70 mg of Cu(acac)2, 60 mg of Pd acetate and 0.8 mL 
aniline were added into the suspension, followed by intense sonication until a 
homogenous dark blue solution was formed.  The resulting solution was transferred 
to a 50 mL Teflon-lined autoclave.  After a 24 h heating at 170 °C, the autoclave 
was cooled down to room temperature with cold tap water.  The resulting PdCu/C 
was washed with an ethanol-acetone (1:1 by volume) mixture three times, separated 
via centrifugation at 8000 RPM, and dried at 60 °C under vacuum overnight.  The 
PdCu/C particles were then thermally annealed at 200 °C in a tube furnace under 
H2 atmosphere (H2 flowrate = 40 sccm) for 5 h.  A typical synthesis yields 
approximately 70 mg of PdCu/C (40 wt% metal). 
5.1.2.  Synthesis of C-CeO2 (50:50) 
Vulcan XC-72 (4.0 g) was added to a solution of Ce(NO3)3·6H2O (5.31 g) 
in 18.2 MΩ deionized H2O (250 mL).  The mixture was kept under stirring for 
30 min and sonicated for 30 min.  After adjusting the pH to 12 with 2 M aqueous 
KOH, the resulting suspension was stirred vigorously for 2 h.  The solid product 
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was separated by filtration and washed with H2O until neutral pH was reached.  The 
product was dried at 65 °C and subsequently heated under air in a tube furnace at 
250 °C for 2 h.  Cooling to room temperature was undertaken under a flow of Ar.  
The yield of CeO2-C was 7.45 g.  TEM images are shown in Figure 5.1. 
5.1.3.  Synthesis of Pd-CeO2/C (10 wt% Pd) 
CeO2-C (4.0 g) was suspended in water (500 mL), stirred vigorously for 
30 min and sonicated for 10 min.  To this mixture, a solution of K2PdCl4 (1.38 g, 
4.23 mmol) in H2O (60 mL) was slowly added (1 mL min-1) under vigorous stirring, 
followed by an addition of an aqueous solution of 2.5 M KOH (8.4 mL).  Ethanol 
(50 mL) was then added to the resulting mixture, which was then heated at 80 °C 
for 60 min.  The desired product Pd-CeO2/C was recovered by filtration, washed 
several times with deionized H2O to neutrality and finally dried under vacuum at 
40 °C until constant weight (Yield: 4.45 g).  TEM images are shown in Figure 5.2. 
5.1.4.  Material Characterization 
X-ray diffraction (XRD) patterns for the electrocatalyst were collected, 
using a Bruker D8 Advance X-ray diffractometer with a CuKα1 ceramic X-ray tube 
(λ = 1.540562 Å) and a LynxEye Super Speed detector, to investigate the 
crystallinity and structure.  Data was collected from 25 ° to 90 ° at a scan rate of 
0.0285 ° s-1.  The particle size and morphology of the electrocatalyst was 
determined by transmission electron microscopy (TEM) using a FEI Tecnai T12.  
The actual mass ratio between metal and Vulcan was determined by thermal 
gravimetric analysis (TGA).  The atomic ratio between Pd and Cu was examined 
using inductively coupled plasma optical emission spectrometry (ICP-OES).  XPS  
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Figure 5.1.  TEM images of Pd-CeO2/C: (A) & (B) showing the small Pd particles 
distributed on the support; (C) &(D) showing the carbon-CeO2 interface. 
  
150 
 
 
Figure 5.2.  High resolution images of (A) Pd3d and (B) Cu2p XPS spectra of the 
PdCu/C showing a highly metallic state of both Pd and Cu; (C) TEM images of 
PdCu/C showing the PdCu particle size distribution; and (D) showing the d-spacing 
of 0.210 nm, which corresponded to the (110) facet in B2-type PdCu (0.211 nm). 
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was conducted using a Physical Electronic multiprobe with a Perkin-Elmer dual 
anode X-ray source and a Kratos AXIS-165 surface analysis system to determine 
the oxidation states of Pd and Cu, as well as the Pd:Cu atomic ratio in the PdCu/C 
catalyst. 
5.1.5.  Electrochemical Measurement 
Electrochemical measurements were conducted on a thin film rotating disk 
electrode (RDE) in a custom three-electrode glass cell (Adams & Chittenden 
Scientific Glass) using a platinum mesh as the counter electrode and a double 
junction Ag/AgCl reference electrode (Pine Research Instrumentation).  In the case 
of PdCu/C, the working electrode was prepared on a glassy carbon disk electrode 
with Pd loading of 12 μg cm-2.  Cyclic voltammograms (CVs) were collected at 
scan rate of 20 mV s-1 in N2 purged aqueous 0.1 M KOH.  ORR polarization curves 
were collected in O2-purged aqueous 0.1 M KOH at scan rate of 10 mV s-1 with a 
rotation rate of 1600 RPM.  In the case of Pd-CeO2/C, linear sweep voltammetry 
experiments were performed in a PyrexTM (Princeton Applied Research) glass cell 
filled with aqueous 0.1 M KOH solution into which N2 or H2 was bubbled (30 mL 
min-1) for 30 min prior to each experiment.  Ag/AgCl and Pt foil were applied as 
reference and counter electrode, respectively.  All electrochemical studies were 
carried out using a Princeton 2273A potentiostat/galvanostat (Princeton Applied 
Research). 
5.1.6.  Materials and Gas Diffusion Electrode (GDE) Fabrication 
The chloride-form ETFE-BTMA radiation grafted anion exchange 
membrane (AEM) synthesis was previously described in detail [5] and is 
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summarized herein.  The AEM was synthesized from a 25 μm thick ethylene 
tetrafluoroethylene (ETFE) sheet, which was first peroxidated in air using a total 
electron beam absorbed dose of 30 kGy, then immersed in a vinylbenzyl chloride 
(VBC, mixed meta-/para- isomer mix) solution to graft the VBC to the polymer 
backbone, and finally quaternized with a trimethylamine (TMA) solution.  The 
chloride-form ETFE-BTMA anion exchange ionomer (AEI, ion-exchange capacity 
= 1.26 ± 0.06 meq g-1) used was an (ETFE) powder with a particle size of 20 – 30 
μm (peroxidated using an electron-beam absorbed dose of 70 kGy), radiation 
grafted with VBC and quaternized with TMA, a procedure previously reported in 
detail [18].  The gas diffusion layer (GDL) employed was Toray-060 with 5 wt% 
PTFE wetproofing. 
To prepare the catalyst ink, first the AEI powder was ground for 10 min 
with a mortar and pestle, after which 100 mg – 150 mg of PdCu/C supported 
catalyst or 250 mg of Pd-CeO2/C supported catalyst was added to the AEI (ionomer 
loading of 20 wt% AEI) with 1 mL DI water (ultra-pure deionized H2O with a 
resistivity of 18.2 MΩ cm).  The resulting AEI-catalyst mixture was then ground in 
the mortar and pestle for 10 min, ensuring a texturally homogenous slurry.  After 
this grind, 2 mL of 2-propanol (Fisher Chemical Optima) was added to the slurry, 
and the mixture was ground for 5 mins.  To complete the ink, the slurry is combined 
with another 7 mL of 2-propanol in a LDPE vial, and homogenized in an ice-chilled 
ultrasonic bath (Fisher Scientific FS30H) for 1 h.  GDEs were created through spray 
deposition of the catalyst ink on a 25 cm2 GDL, from which 5 cm2 electrodes were 
cut.  A more detailed GDE fabrication procedure has been previously reported [19]. 
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5.1.7.  Anion Exchange Membrane Fuel Cell (AEMFC) Assembly and Testing 
Prior to assembly, the GDEs and AEMs were immersed in aqueous 
1 M KOH electrolyte for 1 h, changing the solution every 20 min to ensure ion 
exchange of the membrane and ionomer (minimize residual Cl- content).  Excess 
aqueous KOH was removed with a laboratory cloth and the cells were assembled 
in Scribner fuel cell hardware (5 cm2 active area, single serpentine flow pattern), 
and torqued to 5.1 N m with no prior hot pressing.  6-mil (150 μm) PTFE gaskets 
were used to achieve a 20 % pinch on the membrane electrode assembly.  
Humidified H2 and O2 streams were supplied to the cell from a Scribner 850e Fuel 
Cell Test Station at a flow rate of 1.0 L min-1 for all tests.  The cell temperature was 
tested at both 60 °C and 70 °C and the cell was operated at both atmospheric 
pressure (1.0 bara) and with a back pressure of 2.0 barg and 1.0 barg at the anode 
and cathode respectively.  The heated follow lines between the fuel cell and test 
stand were maintained 5 °C above the respective gas dew point.  All of the i-V and 
i-P curves were collected under potentiostatic control with a scan rate of 10 mV s-1.  
Linear sweeps – in lieu of point-by-point collection was used in order to better tease 
out flooding issues under water starved and flooded conditions.  When the water 
management issues were well controlled, there is no significant difference between 
point by point and linear sweep polarization curves, which is shown in previous 
work for multiple high performing cells [19].  Additionally, tests were repeated 
after multiple hours and varying the testing conditions to ensure stability, 
recoverability, and repeatability. 
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5.2.  Results and Discussion 
5.2.1.  Pd Catalyst Overview and Pd Market Cost Anomaly 
Palladium is a more naturally abundant and historically less expensive 
catalyst than platinum, however it is currently experiencing a price anomaly.  In 
September of 2017, the price of palladium surpassed the price of platinum for the 
second time in 50 years, shown in Figure 5.3.  The only prior case of the ratio of 
Pt:Pd cost dropping below 1.0 occurred in 2001, for a period of less than four 
months, and was caused by a rumor that Russia would cease Pd sales, causing 
speculation and hoarding to temporarily inflate the price.  The current inversion of 
the price ratio has been once again caused by conjecture, driven by the Volkswagen 
diesel emission scandal, speculating that there will be a shift in automobile 
manufacture from diesel towards gasoline powered combustion.  While Pd is more 
common than Pt in the catalytic converters of gasoline powered cars, only 60 % of 
Pt is used in industry, with the other 40% used in jewelry and investments, and 94% 
of Pd used is industrial.  Pt is sourced primarily from South Africa (70%), an area 
with geopolitical risk, and although the Pd supply is mined in the same countries 
(South Africa, Russia, Zimbabwe, Canada, and the US), the supply is much more 
diverse, giving it more market stability.  In short, this price ratio inversion is 
considered by many experts in the financial world to be an anomaly[113,114], and 
thus should not detract from investigations of Pd as a possible replacement for Pt 
catalysts. 
In this work, new highly active Pd based cathode and anode catalysts were 
developed, and then combined with a radiation grafted anion exchange ionomer and  
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Figure 5.3.  10 year price history of Pt and Pd in dollars per ounce, with the price 
ratio of Pt:Pd. 
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membrane to realize high performance AEMFCs that are completely Pt free.  In 
fact, we are able to report here a step change in performance over all other Pt-free 
AEMFCs reported to date.  Achieving such high performance in these cells was not 
a straightforward application of many of our previous findings [19,21,115].  Using 
these new catalysts – particularly the application of Pd-CeO2/C at the anode – 
required new learnings with regard to cell operation that are likely a function of 
different wettability of the CeO2-containing support as well as the low Pd loading 
in the Pd-CeO2/C catalyst (only 10 %).  Specific insights include the degree to 
which ionic resistance in the catalyst layers limits cell performance, the impact of 
temperature on the mass transport and kinetics of Pt-free AEMFCs and the response 
of these Pd-based cells to the application of backpressure (which is exactly opposite 
of Pt-based cells) – none of which have been reported previously. 
5.2.2.  Pd Catalyst Characterization and Electrochemical Testing 
The cathode catalyst utilized in this work is a Pd-Cu nanoparticle alloy 
supported on Vulcan XC-72R carbon black (PdCu/C) and the anode catalyst is 
comprised of metallic palladium nanoparticles supported on a ceria-carbon 
composite (Pd-CeO2/C).  A brief description of the synthesis procedures is provided 
in the experimental Sections 3.1.1 – 3.1.2 and full details are reported elsewhere 
[74,78].  The XRD patterns for the PdCu/C, Pd-CeO2/C, and Pd/C as reference are 
shown in Figure 5.4.  The PdCu/C nanoparticles were primarily a 1:2 Pd:Cu B2-
type ordered body-centered cubic.  The XRD pattern for the Pd-CeO2/C catalyst 
confirms the presence of crystalline Pd nanoparticles and ceria support.  TEM 
images of the PdCu/C catalyst (Figure 5.5A) show that the PdCu particles were  
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Figure 5.4.  XRD patterns of PdCu/C and Pd-CeO2/C showing a mixed phase 
(lab-synthesized Pd/C is also shown as reference). 
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Figure 5.5.  TEM images showing the morphology of (A) PdCu/C and 
(B) Pd-CeO2/C. 
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well dispersed on the Vulcan surface with an average particle diameter between 
7-8 nm.  TEM images of the Pd-CeO2/C catalyst (Figure 5.5B) show that the CeO2 
particles were generally supported on the Vulcan surface and the Pd nanoparticles 
were accumulated preferentially on the CeO2 portions leaving the carbon with very 
few Pd nanoparticles (particles size around 2.0 nm). 
To investigate the electrochemical behavior of the PdCu/C catalyst, first 
cyclic voltammograms (CVs) were recorded at room temperature in N2-saturated 
0.1 M KOH electrolyte at a sweep rate of 20 mV s-1 (Figure 5.6A).  All potentials 
reported and discussed in this work are relative to reversible hydrogen electrode 
(RHE).  The CV exhibited the two features that are characteristic of Pd: the first 
was related to hydrogen underpotential deposition (Hupd) between 0.05 V < E < 
0.35 V and the second was Pd oxidation/reduction between 0.6 V < E < 0.9 V.  
Next, oxygen reduction reaction (ORR) polarization curves were collected from 
PdCu/C thin films supported on a glassy carbon RDE.  The results are shown and 
compared to conventional Pt/C in Figure 5.6C.  Compared to Pt/C, the PdCu/C 
catalyst exhibited a half-wave potential that was 50 mV more positive, indicating 
improved ORR kinetics [116] that can be ascribed to the synergistic effect of 
alloying Pd and Cu in the B2-type structure, where the lower resulting oxygen 
binding energy makes the dissociation of intermediate OOH species more facile 
[117,118]. 
CVs for the Pd-CeO2/C catalyst were also recorded at room temperature in 
N2-saturated 0.1 M KOH electrolyte at a sweep rate of 20 mV s-1 (Figure 5.6B).  It 
was observed that the Hupd potential shifted negatively by ca. 90 mV for the Pd-  
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Figure 5.6.  Cyclic voltammogram of A) Pd-Cu/C and B) Pd-CeO2/C in N2-
saturated 0.1 M KOH solution at room temperature; C) ORR polarization curves of 
PdCu/C and Pt/C in O2-saturated 0.1 M KOH at 1 mV s-1, 1600 rpm; D) HOR 
polarization curves of Pd-CeO2/C and Pd/C in H2-saturated 0.1M KOH at 10 mV 
s-1, 1600 rpm. 
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CeO2/C catalyst relative to Pd/C, which suggested significant metal-support 
interactions where the surface H was bound less strongly when Pd was in the 
presence of CeO2-C.  The shift due to this metal-support interaction was even more 
significant than what was observed through alloying in Figure 5.6A.  Weakening 
of the Pd-H binding energy promotes the hydrogen oxidation reaction (HOR) in 
alkaline media [20,75], which led to much improved HOR kinetics, evidenced by 
the 150 mV s-1 improvement in half-wave potential in the RDE environment 
(Figure 5.6D).  One likely explanation for this enhancement is that the presence of 
OHad species may help in promoting the hydrogen oxidation, which was pointed 
out in previous studies [12,79,80]. 
5.2.3.  Anion Exchange Membrane Fuel Cell Testing with Pd-based Electrodes 
Membrane electrode assemblies (MEAs) were prepared using solid powder 
anion conducting ionomers and membrane [5] based on ethylene 
tetrafluoroethylene (ETFE) polymer backbone and a benzyltrimethyl ammonium 
(BTMA) headgroup.  Two dispersions were made with Pd-CeO2/C and PdCu/C 
catalysts through successive grinding steps with the ionomer [18] and addition of a 
mixture of deionized water and 2-propanol.  The inks were then sprayed onto Toray 
60 gas diffusion layers to form the electrodes (anode = Pd-CeO2/C; cathode = 
PdCu/C), which were placed on opposite sides of the ETFE-BTMA anion exchange 
membrane and loaded into fuel cell hardware with a 5 cm2 active area.  It should be 
noted that the low fraction of Pd catalyst in the anode electrode can have a 
significant effect on the behavior of the cell and the triple phase boundary, as the 
active sites are more dispersed through the catalyst layer. 
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The MEAs were tested using a Scribner 850e fuel cell test station.  After 
the AEMFCs were assembled, they were initially brought to 60 °C, humidified, 
equilibrated, and optimized to anode/cathode dewpoints of 49 °C/50 °C.  
Immediately after optimization, the cell was polarized without back pressure, over 
several dew points, demonstrating a peak power density of 500 mW cm-2 (Figure 
5.7A).  The polarization curves were deconvoluted into their mass transfer (MT), 
ohmic, and kinetic overpotentials (Figures 5.7B-D) and it was discovered that the 
MT overpotential for this electrode was significantly higher than electrodes 
prepared with Pt-based catalysts using the same ionomer[21] – particularly at lower 
currents (< 1 A cm-2), and additionally the lower dew points showed a slight kinetic 
increase, with essentially no change in the ohmic and mass transport overpotentials 
over the temperature ranges tested.  Because of the method used to deconvolute the 
overpotentials, the low current region of the mass transport plot is dominated by 
the hydroxide transfer resistance in the catalyst layers (discussed in detail in Section 
4.2).  High ionic resistance in the catalyst layer is often indicative of catalyst layer 
dryout, which was likely caused by convective dryout at the low optimum cell dew 
points, and perhaps consumption at the cathode as well. 
One approach to decreasing the rate of convective water loss from the 
catalyst layers is to apply backpressure the cell, since it allows for an increase in 
the absolute amount of water present in cell while maintaining the relative balance 
of the reacting gases.  Therefore, backpressure was applied to the cell – increasing 
to 3.0 bara at the anode and 2.0 bara at the cathode – with the cell polarized over 
several pressures over the increase.  It can be seen in Figure 5.8 that the  
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Figure 5.7.  A) i-V and i-P curves (10 mV s-1 forward scans) for the Pd-Based 
AEMFC assembled with radiation grafted ETFE-BTMA membrane and ionomer, 
a 10% Pd-CeO2/C anode (0.42 mgPd cm-2), and a 40% PdCu/C cathode (0.58 mgPd 
cm-2). H2 and O2 were fed at 1.0 L min-1 without back pressure to the anode and 
cathode respectively and the cell was held at 60 °C with anode/cathode dewpoints 
given in the chart legend. Overpotentials for the i-V curves are deconvoluted into 
their B) mass transfer (MT), C) ohmic (HFR-free), and D) kinetic contributions. 
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Figure 5.8.  A) i-V and i-P curves (10 mV s-1 forward scans) for the Pd-Based 
AEMFC assembled with radiation grafted ETFE-BTMA membrane and ionomer, 
a 10% Pd-CeO2/C anode (0.42 mgPd cm-2), and a 40% PdCu/C cathode (0.58 mgPd 
cm-2). H2 and O2 were fed at 1.0 L min-1 to the anode and cathode respectively with 
increasing back pressure (indicated in chart legend as anode/cathode absolute 
pressure in bar). The cell was held at 60 °C with anode/cathode dew points of 49 
°C / 50 °C. Overpotentials for the i-V curves are deconvoluted into their B) mass 
transfer (MT), C) ohmic (HFR-free), and D) kinetic contributions. 
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backpressurization not only significantly improved the hydroxide transfer 
resistance, but also decreased the kinetic overpotential through an increase in the 
partial pressure of the H2 and O2.  These reductions in overpotentials led to a 50 % 
increase in the peak power density to 750 mW cm-2, however, one negative side 
effect of applying backpressure and increasing the total amount of water in the 
electrode was that the ability of the electrodes to reject the liquid water that was 
produced from the anode reaction at high currents was diminished.  Hence, the 
slope of the bulk mass transport loss at higher current was much more steep (Figure 
5.8C). 
The success of adding back pressure, especially at the high value of 3.0 bara 
at the anode, runs counter to what has been observed with Pt-based electrodes using 
the same ionomer and membrane [5,13,17,19–21].  This suggests that the catalyst 
dispersion and loading can play a significant role in dictating the response of 
AEMFC anodes to the water that is generated since the application of back pressure 
will enhance the total amount of water in the catalyst layers, which may also allow 
for reacting gases with even lower dew points to be fed to the cell – both new 
learnings for AEMFCs. 
Although the performance above on its own would be the highest reported 
for Pt-free AEMFCs to date [12], the shape of the polarization curve in combination 
with the steep increase in the mass transport resistance (Figure 5.8C) at moderate 
current density (~1.5 A cm-2) suggests that some degree of water flooding is 
occurring in the electrodes.  At these current densities, the cell is producing a 
significant amount of water at the anode, which is used to both provide the reacting 
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cathode water (via back-diffusion) as well as maintain membrane humidification 
[21]. Hence, it is not necessary to provide as much water to the cell through the 
reacting gas feeds and improved performance can be expected by reducing the 
amount of water supplied to the anode fed [19,21]. 
Therefore, the dew points of the reacting gases were systematically reduced 
until the optimal cell performance was achieved at anode/cathode dew points of 
39 °C  and 41 °C (relative humidity (RH) = 35 % and 39 %), respectively.  The 
resulting polarization curves are shown in Figure 5.9, showing the progression of 
lowering the humidifier dew points.  The result of optimizing the anode/cathode 
dew points was that the limiting current density was increased by 33 % (1.8 A cm-2 
to 2.4 A cm-2) and the peak power density was increased by 10 % (to 0.83 W cm-2). 
The polarization curves in Figure 5.9 were further analyzed by 
deconvoluting them to extract the mass transport, ohmic and kinetic overpotentials 
(Figures 5.9C-E).  Two things were immediately clear.  First, manipulating the 
reacting gas dew points have a small effect on the electrode kinetics, actually 
improving them with optimal decreasing dew points.  Second, under these 
conditions, the kinetic resistance mostly controls the cell behavior, though the mass 
transport resistance is also significant.  In fact, these all-Pd AEMFCs did show 
slightly higher kinetic overpotentials than Pt-based catalysts at the same 
temperature over the entire polarization range [21]. 
Since it can be expected that both the electrode kinetics and the mass 
transfer resistance would be improved by increasing the cell temperature, the 
AEMFC operating temperature was increased to 70 °C.  The dew points were again  
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Figure 5.9.  A) i-V and i-P curves (10 mV s-1 forward scans) for the Pd-Based 
AEMFC assembled with radiation grafted ETFE-BTMA membrane and ionomer, 
a 10% Pd-CeO2/C anode (0.42 mgPd cm-2), and a 40% PdCu/C cathode (0.58 mgPd 
cm-2). H2 was fed to the anode at 3.0 bara and O2 was fed to the cathode at 2.0 bara, 
with both flow rates set at 1.0 L min-1. The cell was held at 60 °C with 
anode/cathode dewpoints given in the chart legend. Overpotentials for the i-V 
curves are deconvoluted into their B) mass transfer (MT), C) ohmic (HFR-free), 
and D) kinetic contributions. 
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optimized, and the AEMFC achieved a peak power density of 1.0 W cm-2 
(at 0.42 V) and a mass-transport limited current density of 3.5 A cm-2 – both new 
records in the literature for Pt-free AEMFCs (Figure 5.10).  From a catalysis 
perspective, the increase in cell temperature led to significantly lower kinetic 
overpotentials (Figure 5.10E) over the entire data set.  Additionally, the high 
temperature operation combined with the low relative humidity reacting gases 
allowed for electrode flooding to be relaxed and resulted in a decrease in the mass 
transfer overpotential as well (Figure 5.10C), and create an improved water 
tolerace, as an increase of 4 °C in both dew points has essentially no change in the 
cell performance.  Another interesting point is that the AEMFC performed so well 
that the water produced at the anode was nearly completely sufficient to internally 
humidify the cell – leading to optimum dew points for the anode/cathode of 40 °C 
/ 42 °C (RH = 26 % / 29 %), astonishingly low and one of the lowest reported 
relative humidities for an operating AEMFCs to date. 
The AEMFCs with the Pd-based anode and cathode catalysts were also 
tested for longevity at a constant 0.5 A cm-2 current density for 100 h (Figure 4).  
Promisingly, during this time the cell was able to retain more than 75 % of its initial 
operating voltage, even though the chosen current density of this test was the 
highest applied for any AEMFC longevity test to date[12], therefore representing a 
very harsh condition for long-term operation.  The small decrease of voltage during 
cell test can be explained by the increase of cell high frequency resistance (HFR, 
Figure 4), a measure of the membrane contribution to the cell overpotential.  This  
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Figure 5.10.  A) i-V and i-P curves (10 mV s-1 forward scans) for the Pd-Based 
AEMFC assembled with radiation grafted ETFE-BTMA membrane and ionomer, 
a 10% Pd-CeO2/C anode (0.42 mgPd cm-2), and a 40% PdCu/C cathode (0.58 mgPd 
cm-2). H2 was fed to the anode at 3.0 bara and O2 was fed to the cathode at 2.0 bara, 
with both flow rates set at 1.0 L min-1. The cell was increased from 60 °C to 70 °C 
with cell temperature and anode/cathode dewpoints given in the chart legend. 
Overpotentials for the i-V curves are deconvoluted into their B) mass transfer (MT), 
C) ohmic (HFR-free), and D) kinetic contributions. 
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Figure 5.11.  Stability test for the Pt-free AEMFC with Pd-CeO2/C and PdCu/C 
catalysts, and ETFE-BTMA membrane, voltage was normalized by its initial 
voltage at time=0 (Vo), anode and cathode Pd loading: 0.4 mg cm-2, H2 and O2 were 
flowed to the anode (3 bara) and cathode (2 bara) at 1.0 L min-1, cell temperature: 
70 °C; anode/cathode dew points: 62 °C / 62 °C. 
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increase in HFR is explained by either a slow loss of membrane water and/or 
membrane/ionomer degradation [62,106]. 
5.3.  Conclusions 
In summary, this study is the first in the literature to demonstrate completely 
Pt-free AEMFCs that show excellent stability as well as very high performance 
~1 W cm-2 – comparable to the state-of-the-art Pt cells.  This result is twice a power 
density that is twice as high compared to the best AEMFC performance reported in 
the literature to date with zero platinum loading.  The cell was also able to achieve 
very good stability at a high temperature and current density.  This high performing 
Pt-free cell represents a significant landmark in the development progress of 
AEMFC technology.  It is expected that in the very near future more and more 
studies will be focused on Pt-free AEMFCs, finally removing Pt as a prerequisite 
starting point to achieve high performing polymer fuel cells. 
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CHAPTER 6:  
 
CO2 Tolerance, Purging, and Purposeful Carbonation of 
AEM-based Electrochemical Devices 
The purpose of this work is to investigate the impact of CO2 and carbonate 
on the operation of anion exchange membrane (AEM) based electrochemical 
devices.  The impacts of carbonate formation and mechanism for their removal 
were investigated.  AEM cells were assembled and purposefully exposed to CO2, 
and then purged to examine the fundamentals of CO2 removal.  Anion exchange 
membrane fuel cells (AEMFCs) were run in the presence of added CO2 in order to 
better understand how CO2 is incorporated into the AEM and to determine the 
extent to which carbonates could be removed from the cells during operation once 
formed.  It was found that carbonates travel the AEM from the cathode to the anode 
through migration, which means that the transport of carbonate is directly tied to 
the electrochemistry.  This gives rise to the possibility to use electrolytic cells that 
purposefully utilize carbonates to electrochemically separate CO2 from an 
incoming gas stream.  This has possible marine and power plant applications.  The 
work presented in this chapter was published in ECS Transactions [92,119] and the 
Journal of Electrochemical Energy Conversion and Storage [120]. 
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6.1.  Experimental 
Two different types of cells were assembled for the experiments contained 
in this chapter.  First, for the carbonate threshold and purging experiments (Section 
6.2.2), the cell used was an AEMFC with a benzyl trimethylammonium 
functionalized ethylene tetrafluoroethylene (ETFE-BTMA) radiation grafted 
membrane and ionomer [5,18]– with similar electrodes and cell construction to the 
cells tested in Chapters 2-3.  Second, for the electrolysis experiments reported in 
Sections 6.2.3-6.2.4, the cells were assembled with a quaternary ammonium 
functionalized poly-phenylene oxide (PPO-QA) backbone [121]. 
6.1.1.  Gas Diffusion Electrode (GDE) Preparation 
ETFE-BTMA Electrode – Electrode preparation is detailed in Section 2.1.3 
and summarized herein.  5 cm2 electrodes with a loading of 0.5 mgPt cm-2 were used 
at both the anode and cathode.  To prepare them, anion exchange ionomer (AEI) 
powders [18] were hand ground for 10 minutes, after which 1 mL of DI water and 
100 mg – 150 mg of a commercial catalyst, either Alfa Aesar HiSPEC 4000 (Pt, 
nominally 40 wt%, supported on Vulcan XC-72R carbon), or Alfa Aesar HiSPEC 
10000 (Pt, nominally 40 wt%, and Ru, nominally 20 wt%, supported on Vulcan 
XC-72R carbon) catalyst was added (for the cathode or anode electrode, 
respectively).  The catalyst-AEI mixture was then hand ground for an additional 10 
minutes, mixed with 9 mL of 2-propanol (IPA, Fisher Chemical Optima), sonicated 
for 60 minutes, and had sprayed onto 5 wt% PTFE Toray paper (TGP-H-060).  The 
AEI comprised 20 wt% of the electrode solids.  5 cm2 electrodes with a loading of 
0.5 mgPt cm-2 were cut from a larger sprayed electrode for use in the fuel cells.  Prior 
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to cell assembly, the electrodes were soaked in KOH (1 M, Fisher Chemical, 
pellets/certified ACS) for 1 hour, with 2 solution exchanges to ensure complete ion 
exchange to the hydroxide form. 
PPO-QA Electrode – Commercial electrocatalysts with 50 wt% platinum 
on Vulcan XC-72R (BASF) were used as the catalyst at both the anode and cathode.  
The same AEI powders as above [18] was hand ground with a mortar and pestle for 
10 min with dry electrocatalyst. The AEI comprised 15 wt% of total catalyst layer 
mass.  The solids were wetted with 2-3 mL DI water before suspension in 10 mL 
of isopropanol solvent using ultrasonic mixing for 30 min to form an electrode ink.  
Ink suspensions were spray deposited onto Toray PTFE-treated carbon paper (TGP-
H-030) to achieve a 0.5 mgPt cm-2 loading.  Again, 5 cm2 gas diffusion electrodes 
(GDE) were cut from a larger sprayed electrode. 
6.1.2.  Polymer Anion Exchange Membrane 
ETFE-BTMA Membrane – Ethylene tetrafluoroethylene (ETFE) was 
radiation grafted with vinylbenzyl chloride and functionalized with trimethylamine 
to form quaternary ammonium benzyl trimethylammonium (BTMA) headgroups, 
a procedure detailed in Section 2.1.1 and published elsewhere [5].  The membranes 
were maintained hydrated for stability, with an approximate wet thickness of 60 ± 
5 μm, and an IEC = 205 mmol g-1.  Prior to assembly, the AEM was soaked in KOH 
for 1 hour, with 2 solution exchanges to ensure complete ion exchange to the 
hydroxide form. 
PPO-QA Membrane – The synthesis as well as the physical and 
electrochemical characterization of the PPO membrane used in this work was 
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extensively described previously [121].  Briefly, PPO with ca. 40 % degree of 
bromination (40 % of the repeat units were brominated) was reacted with 
trimethylamine (Me3N) and then cast into an AEM.  The average thickness of the 
dry AEM was 57 ±3 μm and the IEC = 2.20 mmol g-1 (calculated in the Br- form).  
Before cell construction, the AEM was soaked in aqueous Na2CO3 (1 M) for 2 h 
and then thoroughly rinsed in DI water (to remove the excess Na2CO3 species). 
6.1.3.  Cell Construction and Operation 
ETFE-BTMA Cell – The GDEs and AEM were pressed together in-cell to 
form the membrane electrode assembly (MEA) with no prior hot pressing.  The 
MEAs were secured in 5 cm2 Fuel Cell Technologies hardware between two single 
pass serpentine flow graphite plates using 6 mil (152 µm) PTFE gaskets with 20 % 
pinch (5.1 N m torque).  A Scribner 850e Fuel Cell Test Station was used for all 
testing with a cell temperature of 60 °C.  H2 and O2 gas feeds were supplied to the 
anode and cathode, respectively, at 1.0 L min-1 and full humidity without back–
pressurization (ca. 1 atm absolute).  When CO2 was fed to the cell, it displaced O2 
in the cathode supply, maintaining the total gas flow rate at 1.0 L min-1. 
PPO-QA Cell – A symmetric single cell was assembled using Fuel Cell 
Technologies (Albuquerque, NM) hardware with carbon graphite plates containing 
single serpentine flow channels and gold plated current collectors.  MEAs were 
fabricated in the cell hardware at room temperature by placing the AEM between 
the GDE-supported anode and cathode electrodes.  The GDEs were bordered with 
5 mil (127 μm) Tefzel ETFE gaskets, resulting in ca. 30 % compressive pinch.  
Once aligned, the cell was sealed using 7 N m torque on the 8 cell sealing bolts.  A 
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Scribner 850e test station controlled the temperature of the cell (50 °C) and the gas 
flows (100 % relative humidity, 0.2 L min-1).  The cathode gas supply was 
equivalent volumes of CO2 and O2 (with the exception of O2-only control 
experiments).  Ultra-high purity inert (N2 or He) was supplied to the anode for 
electrolysis tests, while H2 was used in fuel cell mode.  It should be noted that tests 
were performed several times on multiple cells and the cell performance and 
behavior was repeatable.  Representative data sets are presented. 
6.1.4.  Electrochemical Cell Tests 
For the PPO-QA cells, an Autolab PGSTAT302N was used to control the 
cell voltages.  Dynamic tests were run using linear sweep voltammetry (LSV).  
LSVs were collected from 0.0 to +1.0 V at 5 mV s-1 scan rate.  A series of 
chronoamperometry steps were also performed from +0.1 V to +1.5 V and then 
back to +0.1 V (in 0.1 V increments) with each step held for 30 min.  
Electrochemical impedance spectroscopy (EIS) experiments the (10 mV 
perturbations and frequency sweep from 50 → 0.5 kHz) were used to determine the 
membrane resistance. 
6.1.5.  Carbon Dioxide Measurements 
The CO2 gas evolved from the anode was monitored continuously using a 
PP Systems SBA-5 gas analyzer and accompanying software, which utilizes a 
highly CO2 selective non-dispersive infrared (NDIR) spectroscopy technique to 
measure the CO2 concentration.  The baseline CO2 crossover in the cell was 
determined prior to each experiment and was subtracted from the raw data.  The 
anode exhaust was first passed through an ice water chilled glass condensation bulb 
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to prevent liquid from entering the detection chamber.  The sweep gas flow rate 
was measured using an Agilent Digital Flowmeter Optiflow 650 and was used in 
estimating the molar evolution rates of CO2.  The high N2 anode carrier gas flowrate 
(0.2 L min-1), was used in order to limit the CO2 content of the anode < 1000 ppm 
in order to stay within the NDIR calibrated range and minimize response time.  
Therefore, the detected and reported CO2 content of the anode is not a limiting 
value; it was purposefully, and artificially, low. 
6.2.  Results and Discussion 
6.2.1.  Impact and Mechanism of Carbonation in AEM Electrochemical Devices 
Advances in electrolyte materials have enabled alkaline exchange 
membranes (AEMs) that can transport carbonate and bicarbonate species across 
their fixed positive moieties.  Separation and concentration of carbon dioxide 
(CO2), air tolerant fuel cells, and fuels conversion are all exciting new 
electrochemical applications that are all a direct result of the invention and 
progression of AEMs [63,64,90,91,93,119,120]. 
Carbonates can influence AEMFC operation in several ways.  The most 
obvious is through an increase in the ohmic overpotential of the cell, which occurs 
as the hydroxide anions in the membrane are converted to carbonates upon 
exposure to CO2 [15,35,39,82–84].  As discussed in Chapter 1, carbonates have a 
much lower intrinsic mobility than hydroxide due to their differing transport 
mechanisms, and additionally, the lower charge density for the carbonate anions 
mean that they will likely use fewer water molecules for anion transport and 
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attached more strongly to the AEM functional groups, which might further decrease 
ionic conductivity. 
It has also been widely discussed whether the presence of carbonates 
influence the anode and cathode reactions.  Generally, it appears that the presence 
of carbonates does not influence the intrinsic electrokinetics [37,38]; however, it 
has been proposed from microelectrode studies that the presence of carbonates 
introduce a new interfacial mass transport resistance [39] as the carbonate anions 
are exchanged at the catalyst and ionomer interface.  Focusing on the cathodic 
reaction, it is not well known if carbonate anions are produced indirectly through a 
multistep reaction (Equations 6.1 – 6.3) or directly (Equation 6.4), although it has 
been suggested that Pt favors the indirect pathway through ORR (Equation 6.1) 
[85]: 
  O2 + 2H2O + 4e-→ 4OH-         (6.1) 
  OH- + CO2  ↔  HCO3-        (6.2) 
  OH- + HCO3-  ↔  CO32- + H2O       (6.3) 
  O2 + 2CO2 + 4e-→ 2CO32-         (6.4) 
In the indirect route, the carbonate dynamics that are observed are simply a result 
of the system trying to re-establish a thermodynamic equilibrium, as OH- is locally 
consumed. 
Therefore, anion transport is typically mixed through the membrane.  The 
predominant mechanism can be ascertained by quantifying the ratio of electrons 
(e-) transferred to the moles of CO2 evolved at the anode since CO2 is a product of 
the carbonate pathways, Equations 6.5-6.6, but not the OH- pathway. 
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  2H2 + 2CO32- → 2 CO2 + 2H2O + 4e-      (6.5) 
  H2 + 2 HCO3- → 2 CO2 + 2H2O + 2e-      (6.6) 
Consequently, if the ratio of e- to moles of CO2 is ca. 1, then bicarbonate is the 
dominant anion transported through the AEM.  If the ratio is closer to 2, then 
carbonate is the main anion being exchanged.  When OH- participates in the 
transport pathway, the ratio is inflated, as electrons are transferred without the 
evolution of CO2. 
6.2.2.  Carbonate Removal and Purging of CO2 in AEMFCs 
It has been observed that carbonates are present in all assembled AEMFCs, 
not just those purposely exposed to high CO2 concentrations, due to the exposure 
of cell components to ambient air during assembly.  Therefore, most cell break-in 
procedures in the literature involve a potential step down to 0.1-0.2 V in order to 
purge carbonate from the cells.  However, what is not known is whether this voltage 
is sufficient to remove all of the carbonates in an AEMFC.  For this reason, 
experiments were run that exposed the AEMFC to ever-decreasing voltages and 
the CO2 evolution at the anode electrode was measured.  Figure 6.1 shows the 
results of one such CO2 purging experiment where a single cell AEMFC was 
initially broken in by operating at 0.8 V (60 °C under H2/O2 flow) before stepping 
the cell voltage to 0.1 V in order to remove the carbonate anions in the cell.  
Immediately after moving the cell to 0.1 V, the CO2 in the anode effluent increased 
significantly.  The amount of CO2 being removed at the anode decreased steadily 
for around 250 seconds – though it did not quite reach zero.  This result suggests 
that an overwhelming amount of the carbonates present in the cell are removed 
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Figure 6.1.  CO2 concentration measured at the anode exhaust of an operating 
AEMFC.  The cell voltage was systematically lowered to show that CO2 continues 
to be removed even when the cell is severely polarized.  ETFE-BTMA cell at 60 
°C. 
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very quickly, and may tempt some to stop after, say, 5 minutes of holding the cell 
at 0.1 V. 
To determine whether the above condition was sufficient to truly remove 
the carbonates, the cell was further polarized to 0.0 V at approximately 
775 seconds.  A new CO2 peak was observed, though the magnitude was low.  The 
CO2 concentration purged from the cell then relaxed over ca. 200 seconds to the 
same baseline value that it achieved after the step to 0.1 V.  The cell was polarized 
then to -0.1 V, -0.2 V and -0.3 V and each time a new CO2 peak was observed.  
This is not unexpected since the cell current increases with decreasing voltage; 
however, it was interesting that the current was flat while the CO2 emission steadily 
declined, suggesting that carbonate removal is not a simple function of the charge 
being transferred in the external circuit.  Finally, the cell was polarized to -1.0 V 
and a very large CO2 peak was observed – again relaxing to a background value 
after approximately 200 seconds.  This very large polarization was selected because 
at -1.0 V, it is expected that the anode potential should be high enough that the 
faradaic efficiency for carbonate removal should improve [120]. 
Somewhat disconcerting about Figure 6.1 is that working within what is 
possible with an operating AEMFC (V > 0), removing the last carbonate anions 
appears to be very difficult and time consuming, and it is unlikely that all of the 
carbonate anions can be removed within typical literature pretreatment times and 
conditions.  Experience with these systems even suggests that operating for several 
hours at low voltage is not sufficient.  Also, operating at -1.0 V (a very unrealistic 
operating condition from a practical perspective) is not enough to completely 
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remove the CO2 in the AEMFC within a typical pretreatment time in the literature.  
The data in Figure 6.1 also not only suggests that it may not be possible to remove 
all of the carbonates in the cell that are present at the beginning of life, but that 
carbonates interact with the AEM differently as they are depleted, and perhaps 
some carbonates are bound more strongly than others. 
Of course, the data and discussion surrounding Figure 6.1 only deals with 
the small amount of carbonate that is present in the cell at the beginning of life.  It 
does not deal with CO2 that is continuously fed to the cell during operation.  
Feeding CO2-free air itself generally leads to a ⅓ reduction in the peak power of 
AEMFCs when compared to operation with high purity O2 [20,87].  Feeding real 
air to the cells is even more detrimental to the cell performance, because not only 
is the oxygen activity reduced, but the conversion of the membrane from the OH- 
form to the HCO3- and CO32- form upon exposure to the ~400 ppm CO2 in the 
atmosphere reduces the AEM conductivity by at least 65 % [15,43].  The impact of 
carbonation on AEMFC power output is equally severe, where the achievable 
power for an air-carbonated AEMFC is only around 50 % of an AEMFC in the OH- 
form operating on O2 [87].  Though it is likely that these carbonates behave 
similarly to the carbonates present at the beginning of life, it can be expected that 
very negative impacts may be realized when the source of CO2 is not removed. 
In fact, purposeful extreme carbonation of an operating AEMFC might 
yield some interesting information on the carbonate dynamics of AEMFCs [122].  
The results of such an experiment is shown in Figure 6.2.  In this experiment, an 
AEMFC was placed under 0.5 V load for approximately 2 hours in order to  
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Figure 6.2.  Response of an operating AEMFC following break-in to the 
introduction of a very large amount CO2 to the cathode gas.  ETFE-BTMA cell at 
60 °C; cathode gas: 1.0 L min-1 O2, then 1.0 L min-1 90 vol% O2/10 vol% CO2. 
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break-in the cell for operation.  Following break-in, as the current density leveled 
off around 1.0 A cm-2, 10 % CO2 was added to the cathode gas, moving it from an 
ultrapure O2 stream at full humidity to a 90:10 O2:CO2 mixture.  The cell voltage 
remained at 0.5 V.  The addition of such a large amount of CO2 impacted the 
AEMFC considerably.  Of course, the cell high frequency resistance (HFR) – a 
measurement of the ohmic overpotential – increased by more than 100 % (Figure 
6.2B) in less than five minutes.  The cell current plummeted at the same time, 
though disproportionately to the increase in the HFR – in fact, the current density 
decreased to less than 5 % of its initial value.  This behavior suggests that the impact 
of CO2 on operating AEMFCs goes far beyond decreasing the ionic conductivity.  
One likely explanation for such extreme behavior is that the hydroxide activity in 
the cells is severely diminished – perhaps suggesting that carbonate anions are not 
a direct reactant in these systems, but only participate indirectly – where CO2 is 
evolved as a result of re-establishing local equilibrium. 
Another interesting observation from Figure 6.2 is that when the CO2 is 
removed from the cathode inlet that the HFR does not solely decrease.  The HFR 
does decrease initially, but as more carbonates are removed from the system, it 
increases – suggesting that there is a transformation from a mixed 
carbonate/bicarbonate state to one that is dominated by bicarbonate.  Also, the HFR 
is not substantively lowered until the cell is polarized to lower voltages (0.2 V), 
which is in agreement with that observed in Figure 6.1.  Finally, the HFR does not 
return to its initial value – even after 5 minutes of high polarization – the HFR is 
approximately 30 % higher at the end of the test than it was before CO2 was applied 
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– suggesting that not all of the carbonate can be removed at this potential, again in 
agreement with Figure 6.1. 
In another experiment, an AEMFC was again purposefully carbonated with 
10 % carbon dioxide (CO2) in the cathode stream.  After 10 minutes with 10 % 
CO2, the cathode feed was switched back to pure oxygen.  This time, the carbonated 
cell was subjected to a series of pulses to low voltage with various durations:  1, 2, 
and 5 minutes (Figure 6.3A).  Then, the amount of CO2 evolved in each pulse was 
determined by integrating the CO2 emissions plot.  The resulting CO2 displacement 
was correlated vs. time and the inverse square route of time (t-1/2) in order to 
compare the influence of migration and diffusion on carbonate removal, Figure 6.4.  
The positive linear correlation with pulse area and time strongly suggests that the 
removal of carbonate is electrochemical (migration) in nature, as opposed to 
diffusion, since the number of coulombs and number of CO2 molecules are directly 
related.  Another thing to note is that despite the fact that carbonates are being 
removed in each pulse, current after de-carbonation is reaching an asymptote.  This 
also suggests that there is irreversible component to cell carbonation.  Therefore, it 
may be possible that there exists a carbonate threshold, in which irreversible 
carbonation and performance loss occurs.  Given the data and discussion above, it 
would be expected that such a threshold would be a function of CO2 concentration, 
operating current density and operating temperature. 
6.2.3.  AEM-based Electrochemical CO2 Separation - Operation 
In the previous section, it was shown that carbonate transport, and hence 
CO2 transport, across AEMs is electrochemically driven in these cells.  This opens 
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Figure 6.3.  Carbonate removal by low voltage pulses with pure oxygen at the 
cathode after purposeful carbonation of an AEMFC.  (A) Carbon dioxide anode 
effluent during voltage pulses; (B) Current response to the voltage pulses.  ETFE-
BTMA cell at 60 °C; cathode gas: 1.0 L min-1 O2, carbonated with 10 minutes of 
1.0 L min-1 90 vol% O2/10 vol% CO2. 
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Figure 6.4.  Carbonate dioxide removed by 5, 2, and 1 minute voltage pulses.  (A) 
Correlated linearly to time – Migration; (B) Correlated to the inverse square route 
of time – Diffusion. 
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up the opportunity to create low temperature electrochemical devices that aim to 
separate CO2, perhaps from industrial effluents, such as flue gas.  To test the 
efficacy of AEM electrolysis cells for CO2 separation, two gas streams were fed to 
the cathode: 1) humidified O2; and 2) a humidified 50:50 (vol%) mixture of O2 and 
CO2.  Both cells were polarized by LSV up to a cell voltage of 1.0 V and coupled 
cell current/CO2 anode emission measurements were recorded (Figure 6.5).  
Notably, the polarization curve showed a decrease in performance when operated 
with only O2 and the CO2 evolved at the anode was significantly less than the 
experiment with 50 % CO2.  The amount of evolved CO2 at the anode in the O2-
only cathode supply control experiment was non-zero and has several possible 
origins.  One source may be de-carbonation of the AEM when the OH- anions 
produced at the cathode displace CO32-/HCO3- anions persisting in the polymer 
electrolyte.  The “self-purging” mechanism was already described above as well as 
Chapter 1 of this thesis.  However, it should also be noted that carbon support and 
GDL material corrosion at higher anode potentials is also possible [123,124], but 
unlikely.  Next, the cell was allowed to rest at the open circuit voltage with the 
50:50 CO2/O2 cathode supply and the CO2 crossover was measured as 
1.6 × 10-9 mol s-1.  The amount of CO2 that could be transported by electro-osmotic 
drag was overestimated with the assumption of a relatively high drag coefficient of 
4 mol of CO2-saturated H2O (Henry’s Law) per e-, which accounted for less than 2 
% of the value measured in the effluent at +1.0 V.  Each of these secondary CO2 
transport mechanisms (diffusion and drag) were unable to account for the CO2 
observed in the anode effluent during cell testing.  This again confirms that the  
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Figure 6.5.  Comparison of applied current and CO2 evolution at the anode with 0 
vol% and 50 vol% CO2 in the O2-based cathode feed.  The N2 flowrate was set at 
0.2 L min-1 to purposefully reduce the CO2 concentration to <1000 ppm. 
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driving force for the CO2 separation was the redox chemistry occurring at the 
electrodes. 
Since the electrochemistry is the driving force for the CO2 pumping action 
in this cell, it is important to understand how the cell voltage impacts the rate of 
CO2 and anion selectivity of the system.  Steady-state chronoamperometric 
experiments showed a strong correlation between cell current and CO2 evolution at 
the anode (Figure 6.6a).  To measure the steady-state performance, staircase 
voltammetry was employed where each 0.1 V step was held constant for 30 min 
while polarizing the cell from +0.1 V → +1.5 V → +0.1 V.  Because of the stability 
in the cell behavior, the final data point from each step was taken to be the steady-
state current.  The data comparing the steady-state current and CO2 evolution rate 
with respect to cell voltage are presented in Figure 6.6b. There was minimal 
hysteresis in the CO2 removal of the system.  Also, the AEM and AEI used in this 
cell demonstrated good mechanical integrity and visual inspection of the membrane 
electrode assembly before and after testing suggested low dimensional swelling 
under full humidification.  The electrolyte resistivity was somewhat large in the 
representative data set, 55 Ω m, a value that needs further evaluation and 
improvement for a commercially-viable electrochemical reactor. 
As the cell voltage was increased, the cathode potential shifted negative and the 
relative driving forces for the reactions in Equations 6.1-6.4 were changed.  The 
dynamic driving force with voltage means that the mechanism for anion formation 
and transport can change.  The dominant anion transport (CO32- vs. HCO3-) 
mechanism was estimated from the number of electrons required to move each CO2  
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Figure 6.6.  (a) Correlation of the applied cell current (black) and measure CO2 
evolution rate at the anode (red); (b) Current and CO2 evolution rate vs. potential 
(forward and backward polarizations are shown). 
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molecule (n) from the feed stream (cathode) to the exhaust stream (anode).  
Equation 6.8 shows the relationship between n and the cell operating current (i), 
Faraday’s constant (F), the concentration of CO2 in the anode stream in ppm (CCO2) 
and the molar flowrate of the sweep gas in mol s-1 (MG). 
   𝑛𝑛 =  106∗𝑖𝑖
𝐹𝐹∗𝐶𝐶𝐶𝐶𝐶𝐶2∗𝑀𝑀𝐺𝐺
         (6.8) 
The voltage dependence for the number of e- required to transport each CO2 
molecule is plotted in Figure 6.7.  At very low currents (cell voltage < 0.7 V), the 
amount of CO2 measured at the anode was close to the NDIR detection limit, and 
n was highly sensitive to slight variations in signal, leading to an artificial increase 
in n.  Therefore, only data collected at cell voltages > 0.7 V were used to elucidate 
the potential dependence of the CO32-/HCO3- mechanism (represented in Figure 
6.7).  At 0.7 V, n was slightly above 2, showing that CO32- conduction was the 
dominant anion transport pathway at low cell voltage.  As the cell voltage increased, 
there was a clear transition from CO32- to a near equal balance of CO32-/HCO3-, 
where n stabilized around a value of 1.5. 
6.2.4.  AEM-based Electrochemical CO2 Separation – Energy Requirements 
The typical output of a coal-fired power plant normalized to its CO2 
emissions is approximately 1.1 MWh per tonne of CO2.  In AEM-based CO2 
separators, the energy requirement (ES) for separation is controlled primarily by the 
cell voltage (V) and n as defined by Equation 6.9. 
  𝐸𝐸𝑆𝑆 �
𝑀𝑀𝑀𝑀ℎ
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑓𝑓𝐶𝐶𝐶𝐶2
� = 𝑡𝑡𝐹𝐹|𝑉𝑉|
44.01∗3600      ( 6 . 9 ) 
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Figure 6.7.  The number of electrons (blue) required to separate each CO2 molecule 
coupled with the separation energy and electrical costs (green) as a function of the 
cell potential. 
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Therefore, the anode and cathode catalysts need to have low activation 
overpotentials, and the AEM must have high anion conductivity to minimize the 
cell voltage.  In addition, the cathode catalyst must provide the appropriate reaction 
selectivity, since the amount of energy required doubles when CO32- (n = 2) 
vs.HCO3- (n = 1) production is favored at the same cell voltage.  On the practical 
side, HCO3- is preferred mechanistically because of its much lower energy cost; 
however, bicarbonate operation does have the very important tradeoff of lower 
intrinsic mobility than CO32- as discussed in Chapter 1 of this thesis. 
One distinct advantage of AEM-based CO2 separation vs. chemical sorption 
is that the thermodynamic minimum energy requirement for CO2 separation is 80 % 
lower since electrochemical systems are not bound by thermochemical cycles.  The 
minimum energy requirement for chemical sorption is approximately 11 % of the 
power plant rating (~ 0.12 MWh per tonne CO2) based on the heating requirement 
to produce steam and release CO2 from the amine sorbent [125].  In contrast, the 
minimum energy requirement for the AEM separator studied in this work is only 
0.029 MWh per tonne CO2 based on the Nernst equation (Equation 6.10), which is 
2.6 % of the power plant rating if the device is operated at 50 oC (assuming an 
exclusive bicarbonate pathway) 
  𝑉𝑉𝑇𝑇 = 𝑖𝑖𝑇𝑇𝑡𝑡𝐹𝐹 𝑐𝑐𝑛𝑛 � 𝑃𝑃𝐶𝐶𝐶𝐶2,𝑠𝑠𝑠𝑠𝑠𝑠𝑃𝑃𝐶𝐶𝐶𝐶2,𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠𝑔𝑔𝑓𝑓𝑠𝑠�      (6.10) 
where VT is the thermodynamic cell voltage, R is the ideal gas constant, T is the 
temperature (K), PCO2,sep is the partial pressure of CO2 in the anode exhaust, and 
PCO2,fluegas is the partial pressure of CO2 in the cathode feed.  Therefore, 
electrochemical AEM-based CO2 separators have the potential for energy 
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requirements that are not only less than the state-of-the-art, but are impossible to 
achieve with amine sorption. 
The electrochemical operating space for a CO2 separator is shown in Figure 
6.8a.  Operating at or above the power plant generation energy (1.1 MWh per tonne 
CO2) is represented by the red region in Figure 6.8a.  The span of energy 
requirements for existing chemical sorption technologies are shown in orange.  To 
date, investigators have not been able to achieve energy requirements that approach 
the thermodynamic limit for electrochemical-based CO2 separation, though this is 
to be expected given the limited state of development of the technology; however, 
significant progress has been made. 
The first AEM CO2 separation cells, which were used to scrub exhaled air 
for underwater applications [88,89], were operated around 2.5 V.  When translated 
to the context of power plant, this would correspond to an energy requirement of 
1.57 MWh per tonne CO2 if n = 1 (exclusive HCO3- pathway) or 3.14 MWh per 
tonne CO2 if n = 2 (exclusive CO32- pathway); these represent 140 % and 280 % of 
the power plant energy to operate, respectively, which are obviously far too high 
for practical application [88,89,126].  Landon and Kitchin were able to reduce the 
energy requirement to 0.88 MWh per tonne CO2 (~78 % power plant output) by 
reducing the operating voltage to 1.2 V operating mostly on the HCO3- cycle (light 
blue square in Figure 6.8a) [90].  Using Equation 6.8, the energy requirement for 
CO2 separation was calculated for the staircase experiments as a function of the 
cell voltage (Figure 6.7).  For this representative data set, the lowest energy 
requirement was 0.93 MWh per tonne CO2; however, the best performing cell had  
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Figure 6.8.  (a) Existing operating requirements for amine and electrochemical 
separations showing how AEM-based electrochemical cell improvements can yield 
energy requirements below the thermodynamic limit for chemical sorption; (b) 
Influence of cell and stack improvements on the cost of electrochemical CO2 
separation, showing that AEM-based electrochemical cell improvements can lead 
to very low costs (ca. ⅓ of chemical amine sorption). 
  
197 
 
a lower n = 1.47 at a cell voltage of 0.9 V, yielding a CO2 separations energy of 
0.80 MWh per tonne CO2 (72 % of power plant output).  Though this number needs 
to be drastically improved, it represents the lowest energy requirement reported in 
the literature to date (dark blue diamond in Figure 6.8a) for an AEM-based cell. 
In order to achieve AEM-based cells that approach the thermodynamic 
limit, researchers must not only make material advances to improve the cathode 
selectivity for bicarbonate, but also reduce the electrode overpotentials and 
membrane resistance.  They should eliminate gaps in the scientific and operational 
knowledge by understanding the voltage dependence of the CO2 separation 
dynamics, the relationship between current and CO2 exchange rate, cell 
reversibility and stability, as well as the anion transport and redox mechanisms.  
These were all explored in this work; however, there is considerably more work 
that needs to be done to determine the influence of temperature, gas composition, 
and common flue gas impurities at relevant concentrations – i.e. CO (20 ppm), 
hydrocarbons (10 ppm), HCl (100 ppm), SO2 (800 ppm), and NOx (800 ppm) – on 
the operating current density, reaction mechanism and capture efficiency. 
6.2.5.  AEM-based Electrochemical CO2 Separation – Unit Operation Cost 
There are three primary cost drivers from a unit perspective: lost electrical 
generation, capital investment and amortization, and plant operation and 
maintenance (O&M).  In amine scrubbing systems, the lost electrical generation 
cost stems from thermal de-rating of the power plant, while in the AEM-based 
system, electricity is internally rerouted and cannot be sold.  Equation 6.11 
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calculates the electrical cost per tonne of CO2 emitted from the power plant (results 
plotted in Figure 6.7). 
  $
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑓𝑓𝐶𝐶𝐶𝐶2
= 1000 ∗ 𝐸𝐸𝑆𝑆 ∗ $0.075/𝑘𝑘𝑘𝑘ℎ    (6.11) 
For the representative data set in Figure 6.7, where the lowest energy 
requirement was 0.93 MWh per tonne of CO2, the lost electrical generation cost 
would be $70 per tonne of CO2; however, the cell with the lowest measured e-/CO2 
ratio of n = 1.47 (at 0.9 V) would have an electrical cost of only $60 per tonne of 
CO2.  Though this number is reasonably close to the cost target for the U.S. DOE 
2025 target for a retrofit coal-fired power plant [127], it is only part of the picture 
since the capital and O&M costs must also be considered. 
From a capital costs perspective, the primary drivers are the system 
materials (what is used for the cell hardware, catalysts, membranes and other 
components) and the operating current density.  The flowrate of CO2 out of a large 
coal-fired powerplant is very large; e.g. the flowrate from a typical 500 MW coal-
fired power plant is more than 7.5 tonne min-1.  In order to operate at this scale, 
thousands of parallel CO2 separator stacks would be needed to achieve complete 
separation and the number scales almost linearly with the operating current density.  
Based on the proprietary costs and estimates for existing Proton OnSite commercial 
stacks with their standard materials for the flow fields and cell separators, a 2 mA 
cm-2 operating current (consistent with Figures 6.6 and 6.7), and the same catalysts 
and AEM/AEI used in this work, and amortizing the capital cost over 6 years, it 
was estimated that the existing CO2 pump capital cost would be approximately 
$2300 per tonne of CO2.  This is currently a very large cost, but not unexpected for 
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an immature technology; this highlights the need to improve the cell performance 
and lower the cost of the materials of construction, which will be discussed in detail 
below. 
Contributing to the excessive cost are three materials and systems-level 
properties that must all be improved in order to meet the U.S. DOE 2025 cost targets 
for CO2 capture [127]: 
1) Operating current density, which dictates the total system size and right 
now is the primary driver of the capital cost, should be increased from 2 mA cm-2 
to at least 200 mA cm-2 by improving catalyst and AEM chemistry and structure, 
as well as improved electrode engineering.  This possibility can be foreseen, since 
similar approaches have raised the operating current density of OH--based AEM 
systems in the past five years from < 100 mA cm-2 to > 1000 mA cm-2, while 
simultaneously reducing the cell overpotentials [2].  One important consideration 
is that high current devices may have a higher portion of ions transporting through 
the system in OH- form, which would, in effect, reduce the faradaic efficiency of 
the device.  Next-generation cells must maintain efficiencies, which can be 
achievable through carbonate-selective catalysts or membranes with high CO2 
permeability. 
2) Replacing high cost materials, including titanium cell components with 
stainless steel, and platinum catalysts with non-noble metal catalysts [128] is 
facilitated in this concept because of the mildly alkaline environment in the 
presence of CO32-/HCO3-. 
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3) Reducing the cell operating voltage below 0.5 V (about 5 times the 
voltage required for existing H2 pumping cells operating at 200 mA cm-2) through 
innovations in the catalyst, AEM and AEI, while simultaneously reducing the e-
/CO2 ratio below n = 1.2.  Possible metrics include reduction of the cathode 
overpotential to < 0.3 V, anode overpotential < 0.2 V, and the combined AEM and 
contact overpotential < 0.025 V. 
The projected cost reduction of an AEM-based electrochemical CO2 
separator with many of the innovations discussed above is shown in Figure 6.8b.  
For all cases, a constant $6 per tonne CO2 O&M cost was assumed, which is 
consistent with sorption technology.  Increasing the cell current density from the 
existing 2 mA cm-2 to 200 mA cm-2 reduces the capital cost to a reasonable value 
of $23 per tonne CO2, on par with the capital cost for a typical amine sorption 
system.  It should also be noted that increasing the AEM separator current density 
to 200 mA cm-2 yields a system size of approximately 750 m3, which is around ½ 
of the volume of the absorber/stripper/boiler that it would replace from the chemical 
sorption system.  Further cost savings by transitioning to stainless steel stack 
components reduces the capital cost to around $12 per tonne CO2.  Transitioning 
from Pt catalysts with moderate HCO3- selectivity to high selectivity (n = 1.2), 
non-Pt catalysts would reduce the capital cost further to $10 per tonne CO2 and 
simultaneously reduce the electrical cost from $60/ per tonne CO2 to $48 per tonne 
CO2.  Lowering the operating voltage to 0.5 V reduces the electrical cost to $27 per 
tonne CO2. 
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When combined, these achievable innovations would lead to a total cost for 
an AEM-based CO2 separations system of $43 per tonne CO2 – lower than the U.S. 
DOE 2025 capture target of $45 per tonne CO2 for retrofit coal-fired power plants.  
Future, long-term, innovations can be expected to further reduce the operating 
voltage to 0.25 V (still more than 2 times the value for H2 pumping), increase the 
HCO3- selectivity to yield n = 1 (e- per CO2 molecule) and increase the operating 
current to 1 A cm-2 (consistent with the operating current densities of state-of-the-
art AEM-based fuel cells and electrolyzers).  These innovations would reduce the 
cost to around $22 per tonne CO2, which is even lower than the U.S. DOE 2035 
cost target for retrofit plants ($30 per tonne CO2) [127], though the oxy-combustion 
and water management scheme remains to be considered, designed and analysed.  
Clearly, electrochemical CO2 pumping has a long way to go in its development; 
however, the calculations and experiments in this work highlight the exciting 
ultimate potential for AEM-based electrochemical CO2 separators as a low energy, 
low cost option for CO2 separation from flue gas in the near future. 
6.3.  Conclusions 
Despite the fact that they are freely transported through AEMs, carbonates 
remain a challenge in AEMFCs.  Early data in this area suggests that although most 
of the carbonates in AEMFC systems are removed at the anode during cell 
operation, some carbonate anions linger – whether they are a result of initial 
exposure to CO2 at the beginning of life or from feeding air into the system as the 
oxidant.  Unremoved carbonates increase the HFR during cell operation, decreasing 
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performance.  It also appears that carbonates may not directly react, but may be 
released through a consumption of hydroxides at the anode, followed by CO2 
release through shifting equilibrium states, a mechanism driven by electrochemical 
migration during purging. 
However, it is possible to purposely utilize carbonates in AEM-based cells, 
which was demonstrated by constructing an electrochemical CO2 separator.  
Relationships between the cell voltage and carbonate/bicarbonate selectivity were 
explored, giving valuable insight to reactions occurring while offering a roadmap 
for future investigations into improved cell design and construction materials.  The 
cell current and CO2 separation through the AEM were closely correlated.  
Carbonate and bicarbonate both played a role in anion exchange and transport 
through the cell, particularly at higher voltages.  It was also found that the energy 
required, electrical cost and capital cost offer a positive perspective on the possible 
application of AEM-based electrochemical pumping technology for use in CO2 
separation. 
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CHAPTER 7:  
Conclusions 
The overall objective of this thesis was to study the water balance, water 
transport, and anion transport in anion exchange membrane (AEM) electrochemical 
devices – including the anion exchange membrane fuel cell (AEMFC) and AEM 
electrochemical CO2 separators.  This work largely focused on the mass transport 
in the electrodes and at the membrane electrode interface.  Using the knowledge 
gained from numerous diagnostic measurement and imaging techniques, electrode 
layers were optimized to improve transport, eliminate catastrophic flooding, reduce 
the catalyst loading, and maintain membrane hydration.  The new understanding 
generated from this body of work ultimately led to new AEMFC performance 
records for both Pt and non-Pt fuel cells. 
It was demonstrated that the macro-scale balance of water in the AEMFC is 
critical to achieving high performing cells, and, contrary to previously established 
literature, AEMFCs should not be operated with reacting gases at full humidity.  
This is particularly true when the operating temperature is 60 °C.  The “jumping 
the bar” mechanism was demonstrated in the single pass serpentine flow fields, 
showing that convective water rejection is responsible for flow rate based 
performance improvements, rather than a kinetic benefit through increased reactant 
concentration.  It was shown that AEMFCs are certainly susceptible to flooding – 
not only at the anode where it might be expected, but the cathode as well.  This 
latter result runs contrary the widespread belief in the field that it is not possible to 
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provide excess water to the AEMFC cathode since it is consumed there.  It was 
established that the membrane conductivity is a predicter of water back diffusion, 
which is necessary for the water generated at the anode to diffused through the 
membrane and feed the cathode, which ultimately results in high rate performance. 
Operando neutron imaging was performed to visualize flooding, and then 
combined with the deconvolution of AEMFC polarization curves in order to break 
down the cell response into fundamental overpotentials.  The water location in the 
membrane electrode assembly and GDL was visualized before, during, and after a 
cell flooding event.  This allowed structural inadequacies in the AEMFC to be 
diagnosed and new electrode designs to be proposed that optimized the ratio of the 
ionomer, support, and catalyst in the electrode – allowing for high catalytic activity 
and reduced water-based mass transfer effects.  The end result was AEMFCs that 
were able to operate at extremely high currents at reduced dew points and improved 
humidity tolerance for over 400+ hours in addition to the record setting achievable 
current (5 A cm-2) and peak power (1.9 W cm-2). 
The fundamental properties and knowledge gained about the AMEFC 
anode were utilized to lower the platinum group metal (PGM) loading of the anode.  
Here, the catalyst distribution in the electrode was systematically varied.  The top-
performing low PGM loading anode was able to achieve a 60% retention of power 
density despite only having 15% the PGM content of a typical electrode.  This was 
done by using a multi-layer electrode with a catalyst layer and a microporous layer.  
It was discovered that the water capacity of the anode and the rate of water 
absorption in the microporous layer dictate the cell water dynamics. 
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The learnings above were also applied to a Pt-free AEMFC, which was 
assembled with palladium-based catalysts at both the anode and cathode, resulting 
in generating a power density of 1.0 W cm-2, a record for Pt-free AEMFCs and 
PEMFCs.  This was accomplished through increased catalyst activity combined 
with electrode fabrication based on the water management strategies learned with 
the Pt-based AEMFC electrode.  In the Pd-based electrodes, optimal operating 
conditions were different from the Pt-based electrodes, and as a result of slightly 
limited kinetics, the cell benefited from back pressure, a condition that was 
detrimental in Pt-based electrodes.  Additionally, the cell was able to operate at 
astoundingly low relative humidities (RH) for an AEMFC (25 % RH), further 
demonstrating the self-hydrating phenomena of the AEMFC under high current 
operation. 
The behavior of carbonates in operating AEMFCs was investigated.  It was 
shown that carbonate anions – both HCO3- and CO32- – are transported from the 
cathode to the anode via a migration driven purging mechanism.  It is also likely 
that there is CO2 threshold above which cells are irreversibly carbonated.  Because 
of their transport mechanism, it was also shown that it is possible to use the AEM 
format to create low temperature cells that are able electrochemically separate CO2 
from an incoming stream.  It was suggested that flue gas from a coal fired power 
plant might be a plausible application.  Not only was the performance of this cell 
very promising, the preliminary techno-economic analysis was very positive as 
well and a clear pathway to a system that is able to meet U.S. DOE 2025 and 2035 
targets was demonstrated.  
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CHAPTER 8:   
Recommendations for Future Work 
There are several opportunities for continued research on the water and 
anion transport presented in this dissertation, however I will focus on the four key 
areas that I believe will have the most significant impact.  The first is a more 
detailed investigation into the irreversible carbonation threshold of the AEMFC.  
Secondly, the water rejection/retention properties of the gas diffusion layer (GDL) 
and flow field patterns should be further investigated.  Third, a more in depth 
understanding of the internal mechanism of the solid ionomer based electrode 
should be researched.  Finally, the goal of low platinum group metal (PGM) and 
PGM-free AEMFCs should be explored. 
In this work it was shown that a CO2 threshold exists, resulting in 
irreversible carbonation.  Further investigation should answer the following two 
questions: Is the irreversibility caused by a concentration of carbon dioxide present 
in the feed stream or a total amount supplied to the cell?  Does there exist a lower 
limit of CO2 in the feed under which a cell can operate indefinitely carbonation is 
not permanent?  These results can have significant consequences for the future of 
AEMFCs, especially in the transportation industry where mobile cells are expected 
to operate on atmospheric air, which contains ~ 400 PPM CO2. 
The importance of water containment and rejection has been clearly 
outlined in this dissertation, and the structure of the flow field is proposed to have 
a significant effect of water rejection.  However, alternate flow fields have not been 
207 
 
tested as part of this study, and the field would benefit from comparing performance 
of the optimized electrodes in parallel, multi-pass serpentine, and interdigitated 
flow field patterns.  In addition, these studies can be coupled with GDLs and MPLs 
with varying properties.  For example, in the GDL it would be very useful to 
examine the optimal degree of wetproofing as well as the porosity and pore size 
distribution.  For the MPL, it would be helpful to understand whether a hydrophobic 
or hydrophilic structure is preferred, or if it would be possible to create MPLs with 
mixed hydrophilicity, which has been shown to be possible in GDLs.  These two 
cell components almost certainly can be tuned to further optimize the water 
rejection/retention, helping to provide adequate water to the cathode while further 
reducing anode flooding.  Since the transport of water still dictates the achievable 
power in these cells, it is likely that research in this area will result in new records 
for achievable current and power density, and eventually lead to the ability to 
operate at high current with air.   
The structure and porosity of the solid ionomer based catalyst layers should 
also be further investigated.  Advanced tomography techniques and higher 
resolution neutron imaging can be utilized to determine the pore size distribution, 
as well as attempt to pin down the location of water within the electrode.  The 
presence/absence of mobile cations should be investigated as well, ensuring the 
conductivity of the electrode is not influenced by lingering potassium hydroxide.  
Additionally, steps should be taken towards the scale up of the electrode production 
from 25 cm2 to at least 100 cm2 through batch scale up and automation. 
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Finally, the direction with the largest impact for AEMFCs, and fuel cells in 
general, is the potential to operate at very low PGM loadings or even PGM-free 
cells.  The space for advancement in this region is vast, with a low loading anode 
presented in this thesis opening to door to be couple with an already existing PGM-
free cathode in order to meet the current U.S. DOE target.  Additionally, many 
researchers have been publishing high activity PGM-free catalysts for both the 
anode and cathode of the AEMFC, and when coupled with an optimized electrode 
synthesis procedure, they have the potential to continue to break AEMFC records. 
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